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PREFACE 


The  Structure*  and  Material*  Panel  of  the  NATO  Advisory  Group  fur 
Aerospace)  Research  and  Development  (AGARD)  consists  of  engineers,  scientists 
and  f.uchru'  *1  administrator*  from  industry,  government  and  universities 
throughout  tho  NATO  natrons,  and  io  ooncerned  with  the  advancement,  of 
aerospace  research  and  development  and  the  application  of  the  results  to  the 
design  and  construction  of,  and  the  solution  of  problems  arising  during  the 
operation  of  NATO  military  vehicles,  systems  and  equipment.  The  biannual 
Panel  Meetings  provide  torums  for  specialist  multi-national  discussions  of 
problems  and  of  research  information  and  for  initiating  and  monitoring 
cooperative  studies  and  experimental  programmes.  Tim  Panel  also  provides  a 
mechanism  for  the  planning,  preparation  and  distribution  of  surveys  and 
reports  on  the  present  state  of  Knowledge  in  tochnicnl  areas  within  the 
fields  of  Structures  and  Materials  selected  because  of  their  importance  and 
their  relevance  to  currant  or  future  problems  facing  th©  NATO  aerospace 
community, 

Threo  years  ago,  the  Panel,  realising  that  the  many  problems  in  the 
aeroapaoa  field  experienced  with  new  high-strength  materials,  flaw 
susceptibility ,  stress  corrosion,  non-destructive  testing,  fractographic 
material  examination,  crack  propagation  and  residual  strength  aspects  of 
the  fatigue  of  aircraft  structures,  and  brittle  fracture  all  require  that 
fracture  mechanics  concepts  and  related  approaches  be  made  available  to  the 
engineer  and  designer,  set  up  a  Fracture  Mechanics  Working  Group  to 
commission  and  monitor  the  preparation  of  a  comprehensive  survey  of  the 
pertinent  information  available  on  the  applications  of  fracture  mechanics 
to  the  fracture  of  metals.  In  addition  this  work  was  to  erver  stress  con¬ 
centration  procedure*,  experimental-design  approaches  and  other  available 
methods  of  interest  to  the  aerosp toe  structures  and  materials  engineer  and 
the  evaluation  of  the  different  techniques  available  for  designing  against 
brittle-typo  fraoture  of  metals.  It  was  recognised  that  fracture  mechanics 
was  an  inter-disciplinary  growth  area  of  research  of  ever  increasing 
importance  to  those  people  concerned  with  the  design  and  operational  manage¬ 
ment  of  aircraft  especially  in  th*  light  of  the  modern  airframe  fail-safe 
design  philosophy  and  aircraft  safety.  It  was  therefore  decided  that  the 
resulting  critical  survey  report  should  be  given  a  wide  circulation  within 
the  NATO  nations. 


The  Panel  was  very  fortunate  from  the  outset  in  securing  the  services 
aa  Coordinator  and  Editor  of  Professor  H.  tiebowitz,  Dean  of  the  School  of 
Engineering  and  Applied  Saienae,  The  George  Washington  University, 

Washington,  D.C.,  a  world  renowned  expert  on  the  fracture  of  materials. 

An  essential  feature  of  AGARD  activities  is  the  pooling  of  relevant, 
knowledge  within  the  NATO  nations  and  the  bringing  together  of  specialists 
for  informed  discussions  and  debate  on  the  subject  concerned.  This  occurred 
in  full  measure  within  the  Fracture  Mechanics  Working  Group  and  the  Panel 
ij  indebted  not  oniy  to  Professor  H.  Liebowltz,  the  Coordinator  and  Editor 
fot  his  outstanding  efforts  and  to  all  the  members  and  participants  of  the  ' 
Work<ng  Group  for  their  valuable  contributions,  but  especially  to  the  many 
contributors  to  the  monograph  "Fracture  Mechanics  of  Aircraft  Structures" 
itself  from  the  six  nationst  France,  Germany,  Italy,  Netherlands,  UK  and 
USA  and  who  are  listed  by  name  in  the  preliminary  pages. 


T.  Gaymann 
Chairman 

AGARD  Structures  and  Materials  Panel 
Munich,  Germany 
November  25,  1973 


B.P.  Mullins 
Chairman 

Fraoture  Mechanics  Working  Group 
AGARD  Structures  and  Materials  Panel 
Farnborough,  Hants,  England 
November  25,  1973 
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FOREWORD 


The  Structures  and  Materials  Panel’s  Fracture  Mechanics  Working  Group  undei  the 
Chairmanship  of  Dr  B.P.Mullins  has  been  working,  since  its  inception  in  1971,  to  make 
available  a  requisite  body  of  knowledge  to  facilitate  an  understanding  of  fracture  and  its 
implications  for  and  applications  to  aircraft. 

The  survey  on  fracture  mechanics  has  essentially  been  oriented  to  present  practical 
aspects  of  aircraft.  Theoretical  discussions  and  presentations  have  been  included,  however, 
to  afford  the  engineer,  scientist,  and  aircraft  designer  an  appreciation  of  the  complexity  of 
the  problems  involved. 

Tlie  Editor.  Professor  H.Liebowitz,  wishes  to  thank  the  Chairman.  Dr  Mullins,  and 
the  members  of  the  Working  Group,  Mr  W.Barrois,  France;  Dr  T.Gaymann.  Germany;  and 
Col  C.K.Grimes,  USA,  for  their  significant  efforts  and  assistance  in  providing  guidance  and 
direction  during  the  course  of  preparing  the  survey  on  fracture  mechanics.  Also,  apprecia¬ 
tion  is  given  to  the  administrative  and  technical  staff,  especially  to  Dr  P.K. Bamberg  and 
Ms.  Alice  Guerillot,  of  the  Structures  and  Materials  Panel  in  Paris  for  the  many  helpful 
suggestions  and  assistance  rendered.  In  addition,  the  Panel  Coordinators  from  each  NATO 
country  participated  in  obtaining  the  data  and  surveys  to  make  this  effort  a  truly  inter¬ 
national  cooperative  project.  Special  thanks  are  due  to  Mr  J.I.BIuhm  who  participated  in 
the  Working  Group’s  study;  also  appreciation  should  be  expressed  to  Drs  T.E. Sullivan, 

A.J. Barrett.  F.Niordson,  J.W.Mar  and  W.Sehtitz.  and  Messrs  N.H, Promised,  H.P.vanLecuwen, 
T.F.Kearns,  R.L.Ballard,  and  G.C.Deutsch  and  the  other  members  and  participants  of  the 
Structures  and  Materials  Panel  for  their  interest  and  participation  in  helping  to  achieve  the 
objectives  of  this  study. 

Special  thanks  are  also  due  to  the  many  contributors  indicated  in  the  List  of 
Contributors  for  their  unfailing  cooperation  and  untiring  assistance  in  providing  the 
material  for  the  survey  on  Fracture  Mechanics  of  Aircraft  Structures. 


H.Liebowitz 
Coordinator  and  Editor 
Washington,  D.C. 
November  15,  1973 
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I.  INTRODUCTION 


by 

Harold  Liebowitz 


The  rising  incidence  in  recent  years  of  dangerous,  costly,  and  sometimes  lethal  fractures  of  military 
and  commercial  aircraft  has  underscored  the  need  for  the  widespread  dissemination  of  available  fracture 
mechanics  information  pertaining  to  aircraft.  The  results  of  fracture  mechanics  work  in  aircraft  design, 
materials  selection,  nondestructive  evaluation,  and  other  important  problem  areas  are  usually  not  dissemi¬ 
nated  on  a  sufficiently  broad  scale  nor  always  to  the  proper  recipients. 

The  situation  is  made  even  more  urgent  because  of  the  continuing  development  of  larger,  more  complex, 
and  more  expensive  structures  which  make  it  essential  that  development  and  application  of  design  practices 
safeguarding  against  premature  fracture  be  accelerated  in  an  efficient  and  organized  manner. 

The  fracture  mechanics  survey  has  been  designed  to  fill  this  need.  The  survey  makes  available  to 
aircraft  designers,  materials  scientists,  nondestructive  evaluation  engineers,  and  aeronautical  and  aero¬ 
space  engineers  a  comprehensive  and  interdisciplinary  examination  of  current  fracture  mechanics  thought 
and  practice  with  emphasis  upon  aircraft. 

The  chapters  have  been  organized  so  that  the  reader  may  obtain  an  understanding  of  fracture  mechanics 
concepts  and  their  relationship  and  application  to  the  unique  problems  of  aircraft  design.  The  importance 
of  fail-safe  design  concepts  in  aircraft  structural  design  is  strongly  emphasized  with  detailed  discussions 
of  the  basic  concepts  and  their  applications  to  design,  materials,  and  testing. 

Efforts  have  been  made  in  the  survey  to  balance  the  information  so  that  theoretical  discussions  are 
complemented  by  presentations  of  actual  applications  of  these  concepts.  For  those  who  must  apply  frac¬ 
ture  mechanics  principles  to  predict  crack  growth  and  critical  crack  lengths,  many  new  approaches  and 
tools  are  being  developed  which  should  prove  invaluable.  Descriptions  are  included  on  improved  non¬ 
destructive  testing  methods,  and  the  use  of  acoustic  emissions,  surface  dye  penetrants,  magnetic  particle 
testing,  holography,  and  fractography  to  facilitate  the  determination  of  flaw  sizes  and  cracks. 

It  has  been  found  that  a  number  of  fracture  problems  develop  because  responsible  persons  are  not 
sufficiently  aware  of  information  from  other  disciplines  which  would  have  made  it  possible  to  foresee 
the  fracture.  The  regular  dissemination  of  applicable  information  in  the  engineer's  and  scientist's  own 
and  related  fields  of  interest  could  help  increase  the  meaningful  contributions  which  can  be  made  to  the 
problems  of  fracture  prevention  design  to  minimize  the  failure  of  structures. 

The  fracture  mechanics  survey  provides  an  international  medium  for  disseminating  pertinent  technical 
material,  data,  and  information  on  an  interdisciplinary  basis.  Also,  this  survey  attempts  to  utilize 
much  of  the  information  generated  by  government  sponsored  studies  and  that  obtained  from  industrial 
research  into  the  factors  pertaining  to  aircraft  design,  materials  selection,  and  fracture  mechanics. 

Specifically,  each  Chapter  in  the  survey  presents  the  following  information: 

Chapter  II  presents  a  sunmary  of  airframe  service  loadings  particularly  related  to  that  portion  of 
life  following  the  initiation  of  a  crack.  Discussions  are  included  on  structural,  operational,  and 
internal  airframe  environments  and  the  significance  of  airframe  loadings.  To  enable  the  designer  to 
anticipate  areas  of  structure  or  components  which  will  require  particular  attention  in  design,  a  series 
of  photographs  are  included  depicting  failures  that  have  st aimed  from  undetected  fatigue  damage.  The 
chapter  concludes  with  a  discussion  of  fracture  regimes  to  enable  the  cosigner  to  recognize  the  various 
specific  fracture  modes  which  might  be  operative  under  differont  conditions.  If  the  relevant  fracture 
mode  governing  an  expected  failure  is  recognized,  then  appropriately  relevant  design  criteria  can  be 
used  or  developed  for  use  in  the  design  relationships. 

Chapter  III  reviews  current  trends  in  the  usage  of  high  strength  structural  materials  for  aerospace 
applications  and  illustrates  the  manner  in  which  fracture  control  procedures  may  be  Uplemented  to 
acniove  a  high  degree  of  damage  tolerance. 

,  Chapter  IV  presents  a  concise  and  somewhat  technical  review  of  fracture  mechanics,  hlghl ight ing  its 
strengths  as  well  as  current  limitations,  while  at  the  same  time  establishing  some  perspective  as  to  its 
relation  to  the  general  fracture  process.  In  so  doing,  the  importance  of  the  role  of  nondestructive 
inspection  as  one  of  several  potential  safeguards  against  failure  by  fracture  should  become  apparent. 

This  information  should  enable  designers  to  approach  the  problem  of  fracture-safo  design  in  a  more  rational 
manner,  conparat ively  speaking,  than  has  been  possible  in  the  past.  Since  fracture  in  practical  situations 
is  usually  initiated  by  existing  flaws  in  ^r<vejsed  and  fabricated  structural  components,  it  seems  quite 
reasonable  to  expect  that  those  Involved  with  nondestructive  inspection  of  materials  should  have  an  awareness 
of  the  interrelation  between  flaw  size  and  the  fracture  process. 


Chapter  IV  is  augmented  by  several  appendixes  which  discuss  the  application  of  the  following  methods 
to  the  fracture  process:  J- integral;  crack  opening  dispi  ic iment  (COD);  resistance  method;  the  Kuhn- 
Hardrath  method;  crack  propagation  laws;  environmental  t.fects  in  fracture;  and  a  brief  summary  of  the 
limitations  of  these  methods. 

Chapter  V  treats  in  detail  the  importance  of  fail-safe  design  and  discusses  the  basic  fail-safe 
design  concepts.  Following  this  theoretical  discussion  are  numerous  examples  of  the  application  of  frac¬ 
ture  mechanics  concepts  to  the  design  of  aircraft  wings,  the  development  of  the:  DC-10  fuselage,  the  pre¬ 
diction  of  the  residual  strength  of  relatively  thick  structures,  aerospace  pressure  vessels,  and  esti¬ 
mating  the  life  to  failure  of  a  cylindrical  pressure  vessel  subjected  to  repeated  internal  pressure. 

Before  concluding  with  a  discussion  of  the  outlook  for  future  developments  in  fail-safe  design,  attention 
is  given  to  the  relationship  of  service  failures  and  laboratory  tests  and  the  possibilities  of  fatigue 
life  assessment  of  aircraft  structures  based  on  random  or  programmed  fatigue  tests. 

Chapter  VI  describes  two  standard  methods,  both  published  by  ASTM,  Test  for  Plane  Strain  Fracture 
Toughness  of  Metallic  Materials  and  Sharp  Notch  Tension  Testing  of  High  Strength  Sheet  Materials,  and  the 
problems  which  have  to  be  solved  but  are  not  covered  by  these  standard  procedures. 

Chapter  VII  discusses  the  present  reliability  of  crack  detection  methods  and  the  means  for  deter¬ 
mining  crack  size.  The  current  and  future  possibilities  of  the  applicability  of  nondestructive  testing 
and  flaw  detecting  methods  are  discussed  in  detail.  These  methods  include:  acoustic  emission;  surface 
dye  penetrants;  magnetic  particle  testing;  holographic  interferometry;  and  fractography. 

The  appendices  contain  detailed  information  on  typical  plane  strain  fracture  toughness  of  aircraft 
materials  (steel,  titanium  and  aluminum  alloys);  fracture  toughness  test  results  for  the  same  materials; 
the  titles  and  references  of  approximately  140  configurations  for  which  stress  intensity  factors  have 
been  determined;  and  for  the  convenience  of  the  reader,  the  international  system  of  units  has  been  included, 
as  well  as  a  list  of  selected  references;  an  author  and  subject  index  complete  the  survey. 

Since  the  survey  represents  a  first  step  to  provide  the  engineer  and  scientist  with  a  current  compila¬ 
tion  of  fracture  mechanics  concepts  and  applications,  it  is  strongly  suggested  that  an  effort  be  made  to 
update  the  fracture  mechanics  survey  periodically  and  encourage  by  other  means  the  widest  possible  dis¬ 
semination  of  all  applicable  Information. 
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•  Prinaryaireraft  structural  components  generally contain  flaws .defects  or  anomalies  of  variable 
shape,  orientation,  and  criticality,  which  are  either  inherent  in  the  basic  material  or  are  introduced 
during  the  manufacturing  and  assembly  processes.  A  large  portion  of  service  cracks  found  in  aircraft 
structures  are  initiated  from  tool  marks,  manufacturing  defects  and  the  like’^.  Under  the  combined 
driving  forces  of  environment  and  service  loading,  thesu  flaws  may  grow  to  catastrophic  proportions 
resulting  in  serious  reduction  of  service  life  or  complete  loss  of  the  aircraft.  Thus,  to  a  large  degree, 
the  integrity  of  the  basic  airframe  is  dependent  upon  the  safe  and  controlled  growth  of  cracks  as  well  as 
the  achievement  of  residual  strength  in  their  presence.  Acceptance  of  this  condition  requires  the 
designer  and  analyst  to  select  basic  materials,  structural  configurations  and  allowable  stress  in 
accordance  with  intelligent  criteria  and  coupled  with  the  likelihood  of  discovering  service  cracks  in  the 
field,  well  in  advance  of  fracture. 

There  is  an  abundance  of  fracture  evidence  to  support  these  observations^’ in  which  likely 
causes  of  cracking  or  failure  have  been  documented.  In  coupling  statistics  of  this  nature,  one  becomes 
aware  of  the  true  nature  of  the  aircraft  environment. 


In  the  following  discussion,  airframe  service  loadings  and  experience  will  be  Bumnarized, 
particularly  if  they  are  related  to  that  portion  of  the  life  following  the  initiation  of  a  crack.  A 
comprehensive  treatment  of  loads  is  beyond  the  scope  of  this  paper.  The  reader  is  referred  to  the 
excellent  manual  prepared  by  Taylor’. 


1.2  The  structural  environment 


The  operational  behaviour  of  structures  and  materials  is  affected  by  the  magnitude  and  cumulative 
effects  of  external  loads  coupled  with  the  possible  detrimental  action  of  the  internal  airframe  chemical, 
thermal  and  stress  environment.  Taylor*  has  described  the  environment  in  which  the  aircraft  operates  as 
"...  the  source  of  all  the  loads  that  are  applied  to  it  ...  The  environment  is  easy  to  define;  it  is 
the  atmosphere  up  to  some  prescribed  height  and  the  prepared  ground  from  which  aircraft  operate".  The 
presence  of  moisture,  chemicals,  suspended  contaminants  and  natural  occurring  influences  such  as  rain, 
dust,  and  sea  coast  atmosphere  can  cause  deterioration  in  structural  strength  both  due  to  the  premature 
cracking  and  acceleration  of  subcritical  crack  growth**,  10.  Anderson3  has  attempted  tooquantify  the 
significant  structural  environment  as  ranges  of  temperature  from  at  least  -50°C  to  +50  C,  and  all 
possible  ranges  of  humidity  in  a  pressure  spectrum  from  nearly  15  lb/ in2  to  about  2-3  lb/ in2. 

While  it  is  pertinent  to  discuss  and  sunmarize  the  external  -loadings  experienced  by  the  airframe, 
the  significant  concern  is  the  response  of  materials  in  the  structure  to  these  accelerations  in  the 
presence  of  the  internal  environment.  It  has  been  the  general  practice  to  describe  loads  in  terms  of  CG 
acceleration;  however,  the  response  of  the  airframe  to  these  external  influences  depends  upon  the  aero- 
elastic  characteristics  of  the  structure. 

(a)  The  operational  environment 

The  loadings  experienced  during  operation  depend  to  a  large  degree  upon  the  t>, -  of  aircraft 
(e.g.  fighter,  bomber,  transport,  etc.)  and  upon  the  particular  mission  being  flown.  Naturally  induced 
loadings  due  to  atmospheric  turbulence  result  when  the  airframe  penetrates  air  masses  moving  transversely 
to  it.  Maneuver  loads  result  when  the  aircraft  is  accelerated  around  one  or  more  of  its  axes  by 
deflection  of  the  control  surfaces.  Once  per  flight  loads  may  include  cabin  pressurisation  and  the 
reversal  of  load  on  the  wings,  i.e.  the  'ground-air-ground'  cycle.  Landing  impact,  ground  roll  during 
landing  and  take  off,  taxiing,  turning,  and  braking  constitute  the  source  of  ground  induced  loadings . 
Specific  turbulence  conditions  exist  in  and  near  clouds  and  storms,  in  clear  air,  and  in  the  wake  of 
other  aircraft.  These  are  the  subject  of  detailed  studies*.*^.  Localized  buffeting  turbulence  is 
initiated  mainly  by  the  shape  of  the  aircraft  and  can  occur  in  regions  and  cavities  such  as  control 
surfaces,  bomb  bays,  etc.’.  Hake  turbulence  is  particularly  significant  during  air-to-air  refuelling. 
Sonia  loads  occur  in  the  vicinity  of  power  plants  and  as  pseudo  noise  in  turbulent  and  separated  airflow 
and  can  react  in  the  presence  of  the  structure  causing  localized  oscillatory  stresses  associated  with 
resonances  of  the  surface  structure’. 

The  contribution  made  by  these  separate  loading  actions  will  be  dependent  on  the  operational  role 
of  the  aircraft  -  for  example,  maneuver  loads  may  predominate  with  strike  aircraft,  whereas  the  cabin 
pressurization  load  and  the  ground-air-ground  cycle  may  be  the  paramount  considerations  with  a  long  range 
transport  aircraft.  In  the  case  of  aircraft  intended  to  operate  'in  the  field'  from  semi-prepared  runways 
the  taxiing  loads  may  be  of  major  significance. 


(b)  Internal  airframe  environment 

O 

In  their  sunmary  of  airframe  environmental  Influences  ,  Astley  and  Scott  categorize  the  atmospheric 
environment  in  terms  of  conditions  that  apply  in  any  space,  or  on  the  ground  and  in  the  absence  of  air. 

An  excellent  discussion  of  the  thermal  and  chemical  environment  is  presented.  Humidity, /water  constitutes 
the  chief  cause  of  concern  in  airframes  because  of  its  ability  to  carry  dissolved  or  suspended  contaminants 
and  forms  the  basis  of  all  good  electrolytes.  ’Water  may  be  present  in  the  residue  of  fuel  tanks  and  its 
influence  must  be  investigated.  Perhaps  most  significant,  however,  is  the  manner  in  which  the  airframe 
reacts  in  the  presence  of  the  corrosive  atmosphere  present.  This  segment  of  the  environment  is  concerned 
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with  the  form  of  stresses  present,  mainly,  those  residual  stresses  induced  during  part  fabrication, 
materials  processing  and  assembly.  The  latter  can  be  caused  by  mismatch  of  parts,  eccentricities,  force 
fitting  of  members  and  in  interference  fit  fasteners.  To  a  somewhat  lesser  extent,  body  stresses  which 
result  from  the  static  geometry  and  mass  of  the  airframe  are  available  to  be  coupled.  Under  adverse 
environment  these  conditions  can  result  in  stress  corrosion  cracking  in  some  of  the  alloys  commonly  used. 
Their  effects  are  additive  to  the  operation  stresses  which  r-suit  and  significantly  influence  the  sub- 
critical  growth  behaviour  of  flaws  in  the  airframe  structure. 

1.3  Frequency  of  occurrence  and  significance  of  airframe  loadings 

As  discussed  previously,  the  true  significance  of  the  external  loadings  is  the  way  in  which 
individual  elements  of  the  structure  respond.  For  example,  a  large  variable  sweep  aircraft  performing 
low  altitude  maneuvers  may  encounter  severe  turbulence  of  such  frequency  and  duration  that  the  cumulative 
effect  for  some  mime  period  may  be  particularly  damaging  to  wing  structure,  whereas  the  structural 
members  of  the  sweep  mechanism  during  this  time  period  may  react  differently  and  encounter  a  rather  large 
sustained  loading  spectrum  perhaps  critical  for  sustained  loading  crack  growth.  Thus,  in  considering  the 
fracture  problem, (cyclic  as  well  as  static  or  sustained,  loads  must  be  considered. 

2 

Repeated  loads  in  themselves  may  vary  in  frequency  of  occurrence  as  shown  in  Fig. I  .  Maneuver 
loads  may  vary  significantly  with  the  particular  mission  segment  as  shown  by  King'*,  Fig. 2.  Individual 
aircraft  may  assume  rather  broad  mission  requirements  as  illustrated  in  Fig. 3  *2.  Gusts  and  atmospheric 
turbulence  may  be  less  significant  for  fighter  than  for  transports^* *8,  Fighters  experience  more 
frequent  load  excursions  to  design  limit  load  factor  than  do  transports  as  shown  hv  Hardratii^  in  Fig. 4. 
Gust  loads  can  be  quite  different  in  severity  and  distribution  in  different  regions  of  the  world*.  Tn 
general,  gusts  are  less  frequent  at  high  altitude *• *®,  and  increased  speed  of  entry  can  intensify  the 
experienced  acceleration^.  Fig.b  includes  gust  data  variation  with  altitudes  presented  by  Bryan*8, 


(  3  )  < 

One  per  flight  Many  per  flight 


lg  wing  lift 
(air-ground-air  cycle) 

Wing  loads  from  gusts 

Tail  balance  loads 

Wing  loads  from  maneuvers 

Flap  loads 

Fin  loads  from  gusts  and 
maneuvers 

Cabin  pressure  loads 

Fuselage  loads  from  gusts 
and  maneuvers 

Landing  gear  impact 

Landing-gear  taxiing  loads 

Engine  thrust/thrust 
reversal 

Propeller,  slip-stream  or 
jet-stream  loads 

ttc . 

Kngine  vibrations 

Ktc . 

(a)  In  some  instances  this  denotes  one  group  of 
loads  per  flight. 


Fig.l  Some  repeated  loads  on  aircraft  structures 
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Fig.  2-Variation  of  maneuver  load  occurrences  with  mission  phase  (11) 
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Fig.  3-Exampl«  of  broad  range  of  mission  requirements  (12) 


Fig.  S-Atmospheric  gust  load  environment  (From  Bryan)  (18) 


Military  aircraft  in  general  fly  a  broader  and  more  widely  varied  mission  than  commercial  transports, 
and  the  effects  of  turbulence  and  ground  conditions  may  be  more  or  less  severe  depending  upon  the  mission. 
For  example,  high  speed  and  low  altitude  operations  coupled  with  terrain  following  can  result  in  frequent 
maneuver  loadings  and  almost  continuous,  severe  loadings  associated  with  flight  through  the  turbulence  at 
low  altitudes16. 


Whereas  it  has  been  customary  in  the  past  to  describe  envelopes  of  sreed  and  load  factor  and  to 
accumulate  experiences  of  repeated  loadings  independent  of  cyclic  frequency  and  cyclic  duration,  it  is 
becoming  increasingly  necessary  to  account  for  these  factors,  particularly  where  material-environmental 
influences  may  dictate  the  need.  In  addition,  sustained  loading-environmental  spectra,  as  indicated  in 
Fig. 6,  may  need  to  be  described  in  particular  instances®. 


Cumulative  T1m  Xbov«  (Minute* ) 
(Baaad  on  5000  hour* l 


Fig.  6-Example  of  derived  sustained  load 
spectrum-fighter  aircraft  (6). 


1.4  Representation  of  airfrOM  load*  for  fracture  control  consideration* 

la  the  aaaaaaaant  of  atructural  integrity,  it  ia  aaaantial  that  tha  aoat  raallatic  representation 
of  tha  loading-environment  ba  constructed  both  for  analytical  prediction*  aa  wall  aa  for  qualification 
testing.  Miaalon  daacription  raaulta  in  formation  of  a  profila  of  key  paranatara  including  the  moat 
ropraaantat iva  aaquanca  of  loada,  cyclic  frequenciaa,  parioda  of  auatainad  loading,  environment, 
temperature  and  time.  An  exasqtle  of  auch  a  flight  profila  ia  ahovn  in  Fig.7. 


Fig.  7*-Typical  profila  for  tactical  aircraft 
conventional  weapons  delivery  mission 


Load  aaquanca  and  block  aiae  are  particularly  significant  in  flight  load  simulation.  Important 
differences  have  bean  noted  when  teat  results  are  compared  with  randomized  ordering.  Data  from  Schijve 
are  presented  in  Fig.S,  to  illustrate  this  fact. 

Development  of  tha  flight  load  profile  presumes  that  sequences  of  loada  is  essentially  deterministic. 
This  is  generally  far  from  tha  truth  for  most  missions  since  gusts  and  maneuvers  generally  occur  in  a 
random  fashion.  The  portion  of  tha  profila  Boat  deterministic  however,  ia  the  ground-to-air  cycle  (Fig.7), 
■ad  its  occurrence  ones  par  flight  in  programmed  growth  testa  can  be  significant. 

Fig. •  includes  data  frou.  Ref.J  on  the  order  of  magnitude  periods  and  number  of  loada  occurring  in 
tha  service  life  of  several  types  of  aircraft. 

The  question  of  how  beat  to  couple  combined  cyclic  and  sustained  loading  in  the  simulation  of  the 
flight  environment  remains  open.  To  e  large  extent,  for  analysis  and  test,  the  importance  of  this 
endeavor  depend*  upon  the  sensitivity  of  - •* 

- - ~  _ _ _ 9  —  ^,..»ivi  environment.  At  least  two  methods  appear  to  be 

postibl*  at  tha  currant  time”;  representing  the  time  at  high  load  in  terms  of  peak  load  factor  i>er<sufl 
representative  sinusoidal  frequency  in  which  case  the  appropriate  material  growth  behavior  at  these 
frequencies  aust  be  evaluated;  and  representating  the  sustained  load  environment  as  shown  in  Fig. 6  in 
which  case,  an  incremental  model  of  sustained  and  cyclic  loading  such  as  in  Ref. 22  would  be  used. 
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It.t  EXAMPLES  OP  AIRCRAFT  FAILURE 

i»  iasifiii&ij.ffi 


W.  T.  Klrkby 


for  almost  thrcs  decide*  fatigue  ha*  been  recognised  a*  a  potential  threat  to  the  safety  and 
reliability  of  aircraft.  Failure*  have  occurred  ranging  in  importance  from  complete  destruction  to 
failure*  requiring  unscheduled  repair  and  replacement  of  parts.  Correspondingly,  over  rhe  same  period, 
method*  and  procedures  have  been  developed  for  use  in  design,  testing,  and  operation  of  aircraft  which 
are  aimed  at  achieving  freedom  from  significant  fatigue  troubles  throughout  the  service  life  of  the 
aircraft. 


Notwithstanding  the  care  taken,  situations  do  arise  in  se-vice  in  which  cracks  are  found  ir.  primary 
structure  of  the  airframe  during  routine  inspections.  When  suen  a  situation  arises,  two  questions  will 
be  asked  -  "Is  it  safe  to  continue  to  operate  the  aircraft  (with  or  without  load/naneuver  restriction) 
pending  repair's",  *f  so,  "When  siust  the  next  inspection  of  the  damaged  area  be  made?"  The  first 
question  concerns  the  residual  strength  of  the  structure  with  a  crack  of  known  geomatrv  and  the  aecond 
question  concern*  also  the  rata  of  growth  of  the  crack. 


The  possibility  that  such  a  situation  may  arisa  ii,  of  course,  recognised  in  design  and  is 
reflected  in  the  choice  of  materials  having  favourable  crack  propagation  properties  and  residual  strength 
(fracture  toughness)  for  us*  in  areas  of  the  structure  subject  to  fatigue  loading.  Indeed,  in  the  case 
of  'fall-safe1  aircraft  ,  one  of  the  design  objectives  is  to  ensure  that  any  cracks  that  may  occur  in 
aervice  can  be  found  before  the  strength  of  the  aircraft  falls  below  an  acceptable  level.  This  objective 
ia  tackled  in  design  by  calculation  and,  a*  part  of  the  airworthiness  certification  process,  tests  are 
normally  made  on  a  complete  airframe,  or  major  components,  to  demonstrate  that  such  an  objective  may  be 
achieved. 


TIM  development  over  recent  yeara  of  an  analytical  approach  to  probleme  of  crack  growth  and 
residual  strength  of  structures  and  components,  which  is  based  on  the  use  of  linear  elastic  fracture 
mechanics  has  provided  a  valuable  tool  for  use  in  design  and  for  use  In  tackling  problems  of  crack  growth 
and  residual  strength  at  they  arise  in  service. 


pies  of  failure 


■•fora  discussing  in  detail,  in  subsequent  chapters  of  thie  Survey,  the  way  in  which  fracture 
mechanics  concepts  mey  be  applied  i>.  the  design  phase,  or  in  dealing  with  problems  ariai-g  from  cracks  in 
service,  it  would  be  of  interest  to  took  at  a  selection  of  failures  that  have  atesned  from  undetected 
fatigue  damage.  Knowledge  of  the  aituationa  in  which  fatigue  damage  hat  originated  in  the  past  will 
enable  the  designer  to  anticipate  areas  of  structure,  or  components,  which  will  rsquire  particular 
attention  in  design.  The  selection  of  photographs  chosen  (Figs. 1-18)  cover  damage  which  has  resulted  in 
complete  lot*  of  an  aircraft,  serious  daauge  on  landing  or,  at  the  least,  significant  unserviceability 
problems:  anew  failures  in  teat  ara  also  included.  It  will  be  aaen  that  the  example*  include  failures 
in  fabricated  structures  (Figs. 1-4,  14-18)  extrusions  (Figs. 6,  5,  IS,  17-18)  and  forgings  (Figs. 6-11): 
tha  damage  has  originated  from  stress  concentrations,  such  as  cut-outs,  bolt  and  rivet  hole*  -  often  with 
evidence  of  fretting,  from  flaws  in  the  uterial,  and  from  imperfections  in  welding.  Crack  length!  at 
failure  rang*  from  those  measured  in  millimetres  to  those  measured  in  tens  of  centimetres. 


In  tha  previous  (action  an  indication  has  been  given  of  the  mature  and  complexity  of  the 
various  forms  of  loading  which  may  be  experienced  by  different  parts  of  tha  structure.  The  example*  of 
failure  shown  in  this  section  serve  to  illustrate  the  geometrical  complexity  of  the  structure  in 
which  cracks  may  b*  growing.  It  t*  evident,  then,  that  much  ia  demanded  from  the  structural  analyst  in 
applying  fracture  mechanics  principle*  to  predict  crack  growth  behaviour  and  critical  crack  lengths  in 
tha  foregoing  circumstance*. 


Royal  Aircraft  £sla  thmtat  -  Oorrm  Copyright  Rttmtd 
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II.C  FRACTURE  REGIMES 
J.  I.  BLUHM 


1.  Introduction 

It  is  quite  obvious,  in  view  of  the  foregoing,  that  the  loading  spectrum  on  aircraft  is  indeed  a  com¬ 
plex  and  ill-defined  quantity  which  nevertheless  must  be  a  consideration  of  major  proportions  in  any  pre¬ 
diction  of  the  types  of  failures  discussed.  Both  deterministic  and  probabilistic  considerations  have  a 
role  in  such  predictions  and  much  is  yet  to  be  learned  as  to  how  best  to  treat  this  "loading"  problem. 

Some  failures  are  the  consequence  of  only  a  few  or  even  a  single  isolated  load  application;  others  are 
associated  with  and  characteristic  of  large  numbers  of  repeated  load  applications;  still  others  result 
from  truly  random  spectrum  types  of  loading. 

Beyond  the  immediate  problem  of  defining  the  loading,  there  exists  the  further  need  for  recognition 
that  prediction  of  failure  under  a  set  of  prescribed  loading  conditions  requires  an  acute  awareness  of  the 
anticipated  or  possible  failure  modes.  In  an  ordinary  structural  sense  this  entails,  for  example,  the 
obvious  recognition  of  potential  elastic  compression  instability  (buckling)  in  a  column  or  of  compression 
yielding  or  "compression"  fracturing  in  a  ductile  or  brittle  column  respectively.  Predictive  analyses  for 
failure  are  useless  if  they  fail  to  provide  for  treatment  of  the  mode  of  failure  which  is  most  apt  to  limit 
the  structural  integrity  of  the  components. 

In  a  similar  but  more  detailed  vein,  and  as  a  basis  of  discussion  for  this  immediate  section,  it  is 
essential  to  recognize  the  various  specific  fracture  modes  which  might  be  operative  under  different  condi¬ 
tions.  If  we  recognize  the  relevant  fracture  mode  governing  an  expected  failure,  then  appropriately  rele¬ 
vant  design  criteria  can  be  used  or  developed  for  use  in  the  design  relationships. 

At  the  engineering  level,  the  study  of  fracture  can  be  simplified  by  recognizing,  identifying  and 
characterizing  regimes  wherein  different  fracture  behavior  are  observed.  Over  a  range  of  temperature,  for 
example,  the  resistance  to  defects  (toughness)  is  noted  to  vary  widely,  leading  to  an  appreciable  spread 
in  real  component  strength.  The  fracture  mode  is  not  only  associated  frequently  with  temperature  but  also 
•with  component  geometry.  Again,  wide  variations  of  strength,  ductility  and  toughness  are  observed  to  be 
associated  with  such  fracture  modes  as  cleavage  or  brittle  fracture,  flat  ductile  or  dimple  fracture  and 
shear  fracture.  And,  finally,  the  point  to  be  made  -  and  perhaps  of  most  significance  to  the  engineer  - 
is  that,  depending  on  the  fracture  mode  to  be  anticipated,  one  can  utilize  different  applicable  analytical 
design  approaches  to  safeguard  against  unanticipated  fracture  in  service.  More  specifically,  if  we  con¬ 
sider  the  simple  case  of  an  aircraft  component  or  "structure"  constructed  of  an  alloy  steel,  one  might  plot 
the  static  strength  of  that  part  as  a  function  of  temperature.  Pigure  1  suggests  schematically,  the  nature 
of  the  response  of  such  a  typical  "real"  structure.  This  behavioral  pattern  lends  itself  to  a  first  simple 
(and  admittedly  incomplete)  illustration  of  several  temperature  based  "fracture  regimes." 

2 .  LINEAR  ELASTIC  FRACTURE  MECHANICS 


In  the  low  temperature  region,  the  "structure"  normally  exhibits  a  very  low  strength  and  the  fracture 
is  characteristically  brittle,  i.e.,  little  or  no  ductility  is  evident  (particularly  if  the  structure  is 
notched  or  cracked).  But  these  are  precisely  the  prerequisite  conditions  for  use  of  linear  elastic  fracture 
mechanics  (LEFM) ,  the  offshoot  of  Griffith's  original  work  on  glass.  In  this  regime,  a  useful  fracture  pre¬ 
dictive  tool  is  available  with  the  large  store  of  analytical  techniques  born  of  Inglis  (1)  and  Griffith  (2,5) 
and  nurtured  to  maturity  by  Irwin  (4,5),  Orowan  (6)  and  a  host  of  more  recent  investigators.  In  essence,  we 
can  understand  and  apply  with  a  good  deal  of  confidence,  the  tools  of  LEFM  -  at  least  for  those  conditions  and 
materials  for  which  the  basic  assumption  of  "elastic"  behavior  is  essentially  valid.  Inherent  in  the  LEPM 
concept  is  the  presence  of  a  "crack"  of  known  size  and  shape  and  knowledge  of  the  "plane  strain  fracture 
toughness"  of  the  material  expressed  either  as  Gic  ^r  Kic,  the  critical  energy  absorption  rate  and  the 
critical  stress  intensity  factor  respectively.*  The  effect  of  a  crack  at  low  temperature  is  always  to 
reduce  (as  might  be  expected)  the  strength  of  the  structure.  This  will  be  seen  to  be  in  contrast,  under 
certain  conditions,  to  the  behavior  in  the  high  temperature  regime. 

3.  LIMIT  DBSIGN 


At  the  other  end  of  the  temperature  scale,  i.e.,  the  high  temperature  region,  it  is  recognized  that 
materials  generally  tend  to  exhibit  unusually  large  plastic  flow  prior  to  and  during  fracture.  This  observa¬ 
tion  is  in  direct  contrast  to  the  "zero"  or  limited  ductility  of  structural  materials  in  the  low  temperature 
region.  Therefore,  of  course,  the  LEFM  approach  is  not  applicable  in  this  high  temperature  regime.  On  the 
other  hand,  these  high  temperature  conditions  are  precisely  those  associated  with  so-called  "limit"  design 
based  upon  plasticity  theory.  Like  LEFM,  limit  design  concepts  have  been  developed  to  a  high  level  of 
sophistication  (see  for  example,  Prager  (7)  and  Hodge  (8),  and  a  great  number  of  useful  analyses  are  available 
in  the  literature.  Limit  design  techniques  lead  invariably  to  estimates  of  maximum  allowable  "loads,"  at 
which  loads,  the  material  merely  continues  to  flow  at  constant  or  decreasing  load  and  fracture  per  se  does 
not  occur  as  in  the  LEFM  model. 

The  residual  strength  of  a  wide  variety  of  notched  or  cracked  configurations  has  been  catalogued 
using  results  of  plasticity  theory.  Though  much  of  that  work  is  based  upon  idealized  plasticity  theory 
which  generally  ignores  strain  hardening,  appreciable  practical  insight  is  never  the  less  provided,  via 
this  discipline,  to  the  understanding  and  the  prediction  of  the  behavior  of  notched  structures. 

Wore  recently  the  crack  opening  displacement  COD  has  also  been  suggested  as  a  parameter  for  defining  this 
toughness.  The  relation  between  COt  (6)  and  Glc  is  approximate  6  *  Gjc/6yg. 
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In  contrast  to  their  effects  in  the  LEFM  regime,  cracks  at  elevated  temperatures  do  not  necessarily 
weaken  a  structure.  On  the  contrary,  they  may,  as  seen  in  Fig.  2,  augment  the  strength  by  as  much  as  28 
percent  in  load-carrying  capacity  is  theoretically  possible. 


4.  Transition  Approaches 

Whereas  then,  as  inferred  in  the  foregoing,  useful  tools  are  available  for  design  at  the  extremes  of 
behavioral  regimes  exemplified  by  LEFM  on  one  hand  and  limit  design  on  the  other,  most  real  life  problems 
unfortunately  lie  somewhere  in  between  these  extremes.  Some  advances  have  been  made  with  respect  to  cases 
of  restricted  plastic  flow,  i.e.  where  departure  from  linear  elasticity  occurs  in  only  a  small  region  near 
the  crack  tip.  For  these  situations,  minor  modifications  are  applied  to  LEFM  techniques  using  plastic 
zone  size  corrections.  For  materials  exhibiting  more  extensive  plastic  flow,  such  techniques  are  not  appro¬ 
priate  and  alternate  rational  approaches  need  to  be  developed.  From  a  pragmatic  point  of  view,  the  behavior 
in  this  "grey"  regime  has,  in  the  interim,  been  most  effectively  treated  by  one  of  the  "transition"  consider¬ 
ations.  These  are  generalized  to  include,  for  the  purpose  of  this  document,  all  approaches  intermediate 
between  and  spanning  the  extremes  of  LEFM  and  limit  design.  Among  the  commonly  used  concepts  are  transition 
temperature,  energy  absorption  or  fracture  appearance  as  reflected  by  Charpy  type  impact  specimens,  Drop 
Weight  Tear  Test  (DWTT) ,  Dynamic  Tear  Test  (DTT) ,  Nil  Ductility  Test  (NDT) ,  Crack  Opening  Displacement  (COD), 
Crack  Arrest  Temperature  (CAT),  Resistance  Method  (R-C),  and  others. 


5.  General  Discussion 

It  is  important  to  observe  at  the  outset  that  there  is  no  unique  failure  mode  for  each  material,  but 
rather  a  range  of  fracture  modes  governed  by  a  number  of  variables.  Normally  "brittle"  materials  can  fre¬ 
quently  be  "made"  to  appear  ductile  by  (a)  raising  the  temperature,  (b)  superimposing  sufficient  hydrostatic 
pressure,  or  (c)  lowering  the  rate  of  loading.  Conversely,  normally  ductile  materials  can  frequently  be 
"embrittled"  by  (a)  lowering  the  temperature,  (b)  decreasing  the  magnitude  of  hydrostatic  pressure,  or 
alternatively,  applying  a  hydrostatic  tension  component  of  stress,  or  (c)  increasing  the  strain  rate.  These 
effects  are  shown  schematically  in  Fig.  3.  Certainly  a  unique  unambiguous  strain  (or  stress)  criteria  does 
not  appear  to  be  assignable  for  fracture  considerations. 

In  addition  to  these  overt  environmental  factors,  the  issue  is  complicated  further  by  the  fact  that  the 
fracture  mode  is  conditioned  in  plate  specimens  upon  such  geometric  factors  as  plate  thickness,  for  example. 
This  effect  can  probably  be  considered,  however,  as  equivalent  to  modifying  the  hydrostatic  stress  component 
via  its  influence  an  the  stress  state  in  regions  of  geometric  irregularities  such  as  notches  or  naturally 
induced  cracks.  ' 


Notches  and  cracks,  intentional  or  otherwise,  represent  a  geometry  induced  perturbation  of  the  stress 

state  which  tends  to  enhance  brittle  fracture.  The  stress  state  at  the  base  of  a  notch  in  a  thick  plate 

(Fig.  4)  varies,  for  example,  from  uniaxial  tension  at  the  free  lateral  surface  at  (a),  to  biaxial  tension 

at  mid  thickness  at  (b) ,  to  triaxial  tension  subsurface  at  (c).  With  a  sharper  notch  a  plane  strain  con¬ 

straint  is  more  nearly  achieved,  facilitating  this  latter  triaxial  tension  condition.  Additionally,  if  a 
small  plastic  zone  develops,  then  Poisson's  ratio  approaches  a  value  of  1/2  and  idealized  hydrostatic  ten-  . 
sion  is  fully  developed  locally.  The  importance  and  significance  of  notch  specimens  for  evaluation  of 
brittle  behavior  of  materials  undoubtedly  stems  from  this  characteristic  peculiarity  of  inducing  hydrostatic 
tension.  In  recent  years  the  use  of  specimens  artificially  cracked  by  fatiguing  has  come  to  be  more  and 
more  in  favor  since  "cracks"  represent  the  ultimate  in  notch  severity.  Of  course,  it  should  be  appreciated 
that  the  strength  of  "cracked"  specimens  generally  is  significantly  lower  than  those  of  more  gently  notched 
specimens.  Design  which  presumes  presence  of  cracks,  though  conservative,  may  therefore  overly  penalize 
structures  where  design,  material  selection,  processing,  and  inspection  pi’oeedures  have  significantly  mini¬ 
mized  the  probability  of  encountering  cracks  beyond  a  given  minimum  size. 

Nevertheless,  the  concent  of  a  crack,  in  conjunction  with  low  temperature  and/or  high  strain  rate  does 
provide  a  basis  for  such  conservative  design  approaches  as  the  Linear  Elastic  Fracture  Mechanics  technique. 
Somewhat  less  conservative  approaches  utilize  the  LEFM  but  modify  it  by  considering  a  small  plastic  zone  at 
the  crack  tip. 
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Figure  4,  Iketch  showlnn  variation  In  stress  state 
In  vicinity  of  notch  In  thick  plate, 
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This  survey  reviews  current  trends  in  the 
usage  of  high  strength  structural  materials 
for  aerospace  applications  and  illustrates 
the  manner  in  which  fracture  control  procedures 
may  be  implemented  to  achieve  a  higher  degree 
of  damage  tolerance.  Experiences  with  the 
application  of  fracture  requirements  to  two 
current  designs  are  related.  These  experiences 
have  contributed  immensely  to  the  formulation 
of  specifications  for  use  "across  the  board'' 
on  all  new  systems.  Important  aspects  of  the 
proposed  USAF  Damage  Tolerance  Criteria, 
including  initial  damage  a>  omption  and  crack 
growth  analyses,  are  discussed. 


III.  THH.  USK  OK  FRACTURE  MECHANICS  PRItlClI'UR  IN  TIIK  UK8UW  AND  ANAl.TStR  OK 
DAMAGE  TOLKRANT  AIRCRAFT  STRUCTURES 

Howard  A>  Wood 


1  Introduction 

Recent  cases  of  catastrophic  failure  of  primary  atructura  in  first  llna  U8AF  aircraft  dua  in  part 
to  the  pretence  of  undatactad  flaws  and  cracks  have  aaphat lead  the  need  for  fracture  control  prooaduraa  to 
augment  traditional  static  and  fatigue  design  and  qualification  requirements.  Such  procedures .  whan 
affectively  implemented,  would  insure  the  reduction  in  the  probability  of  catastrophic  failure  due  to 
undetected  flaws  end  allow  the  safe  operation  of  the  air  vehicle  within  the  prescribed  service  period, 

With  regard  to  aircraft  structural  design,  fracture  control  implies  the  intelligent  selection, 
usage  and  control  of  structural  materials,  tha  design  and  usage  of  highly  accessible,  inapeetabla  and 
damage  tolerant  structural  configurations ,  and  tha  control  of  safe  operating  atrasaes  (Figure  1), 


Fig.  I  The  objectives  of  fracture  control  procedures 

In  design,  consideration  is  given  to  the  likelihood  that  all  now  structure  contains  flaws,  intro¬ 
duced  during  the  processing  of  Che  basic  material,  during  part  forming  or  during  the  assembly  process, 
with  the  size  and  character  of  Initial  flaws  govamad  by  tha  capability  to  datact  during  the  manufacturing 
cycle.  Analysis  and  tests  are  performed  to  verify  that  the  assumed  initial  flaws  will  not  gvow  to  catas¬ 
trophic  proportions  and  cause  failure  in  the  prescribed  service  period. 

The  traditional  USAF  approach  to  insuring  structural  integrity  is  to  design  for  a  crack  fraw  servlca 
life  through  conventional  fatigue  analysis,  caraful  attention  to  workmanship,  surfset  finish  and  protec¬ 
tion,  detailed  design,  local  stresses  and  ease  of  inspection.,  Demonstration  la  accomplished  through  a 
full  scale  airframe  cycle  test  to  simulated  service  conditions.  The  achievement  of  these  goals  of 
"fatigue  quality"  or  "durability"  are,  of  course,  essential,  and  the  implementation  of  fracture  control 
procedures  is  in  no  way  intended  to  replace  fatigue  requirements. 

Naturally,  there  has  been  resistance  among  many  to  accept  the  pre-existent  flaw  philosophy  in  air¬ 
craft  design,  because  of  the  weight  penalties  normally  associated  with  supplemental  strength  end  life 
requirements.  There  are  those  who  cite  aircraft  performance  degradation  end  the  time  and  cost  of  imple¬ 
menting  fracture  requirements  as  deterrents. 

Effective  employment  of  fracture  control  procedures  on  new  USAF  designs  has  been  hampered  by  the 
lack  of  an  adequate  material  environmental  data  base  for  most  materials,  deficiencies  in  fracture  analysis 
techniques,  uncertainties  with  regard  to  production  and  in-service  Inspection  capability,  poorly  prepared 
specifications,  and  inexperience  with  respect  to  requirements  for  full  scale  proof  of  compliance  testing. 

2  Materials  Utilization  -  The  Need  for  Fracture  Control 

The  obvious  desire  for  more  efficient  aircraft  structures  has  resulted  in  the  selection  and  use  of 
high  strength  alloys  in  primary  members  with  little  regard  for  the  general  decrease  In  fracture  toughness 
associated  with  Increased  yield  strength  (Figure  2).  So,  too,  sophistication  in  design  and  analysis 
techniques  and  closely  monitored  weight  saving  programs  have  afforded  some  the  opportunity  to  exploit 
conventional  alloys  such  as  7075  aluminum  far  beyond  the  practical  limits  with  the  result  bains  higher 


allowable  deaign  atreaaea  with  each  aircraft  system.  These  general  practices  of  course,  have  reduced  the 
tolerance  of  the  structure  to  both  initial  manufacturing  defects  and  service  produced  cracks.  Critical 
flaw  alaea  are  often  on  the  order  of  the  part  thickness  and  many  times  much  less,  making  positive  detec¬ 
tion  during  normal  field  service  inspections  improbabls.  Higher  design  stresses,  of  course,  increase  the 
likelihood  of  early  fatigue  cracking  in-service  and  may  result  in  loss  of  fleet  readiness  and  expensive 
maintenance  and/or  retrofit  programs. 


For  a  specific  application,  the  designer  must  select  a  material  of  reasonably  high  strength  in  order 
to  meet  static  strength  requirements  and  atill  achieve  minimum  weight.  A  parameter  for  evaluating  struc¬ 
tural  efficiency  (o  g/material  density)  will  be  mentioned  later.  In  the  selection  process,  however, 
fracture  toughness  must  be  a  consideration.  The  achievement  of  maximum  yield  strength  and  maximum  frac¬ 
ture  toughness  is  often  difficult  as  is  illustrated  in  Figure  2.  It  is  generally  recognized  that  within 
certain  material  groups,  toughness  decreases  with  increasing  yield  strength.  This  trend  is  illustrated 
in  Figure  2  for  aluminum,  titanium  and  several  selected  steels  where  material  data  from  Table  1  have 
been  plotted.  Variations  in  Kjc  can  be  expected  for  any  given  alloy  and  strength  level  and  these  varia¬ 
tions  are  generally  due  co  metallurgical  aspects,  impurities  or  manufacturing  processing.  This  variability 
makes  the  selection  if  a  "design  allowable"  extremely  difficult. 
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Fig.2  Trends  in  fracture  toughness 
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TABLE  1 

Typical  Material  Properties 
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In  specifying  •  particular  materinl  and  atrength  leval  (minimum  acceptable  oys) ,  thejKeigner 
ueually  would  not  be  concerned  about  thoee  quantities  of  material  which  posseased  atrength  levels  on  the 
upper  end  of  the  normal  range.  However,  because  of  ehe  dramatic  decrease  in  KlC>  he  must  in  many  cases 
limit  the  upper  bound  of  acceptable  range  of  yield  strength.  This  is  one  procedure  used  toepocify 
titanium  alloys.  In  Figure  2,  Kir  ranges  for  two  common  titanium  alloys  are  noted.  The  data  are  shown 
at  one  yield  strength  value  to  illustrate  the  fallacy  in  specifying  only  oys  minimum. 


The  material  selection  process  is  therefore  a  tradeoff  procedure  wherein  many  concurrent  requirements 
must  ba  satisfied.  For  the  caaa  in  point#  tha  designer  must  establish  a  criteria  for  accepting  either  a 
reduced  toughness  or  strength  level.  The  choice  might  be  dictated  by  overall  flaw  tolerance.  This  is 
illustrated  in  Figure  3  where  the  ordinate,  (Kic/°vs>2>  a  P«raneter  indicative  of  crack  size,  is  used. 
Since  structures  are  designed  to  withstand  (statically)  a  percentage  of  the  yield  strength,  this  parameter 
may  be  conveniently  used  to  illustrate  flaw  tolerance  sensitivity.  Examination  of  Figure  3  indicates  a 
more  dramatic  reduction  in  the  crack  length  parameter,  with  increased  yield  strength. 


The  same  trend  is  repeated  in  Figure  4;  however,  the  yield  strength  has  been  normalized  to  the 
material  density  P  .  The  parameter  oys/5  is  one  form  of  structural  efficiency  used  to  select  materials. 
Note  that  material  ranking  has  changed  with  titanium  being  superior  to  steel.  One  exception  illustrated 
is  the  18%  Ni  maraglng  steel  and  9N1  4C  which  fall  beyond  the  bounds  illustrated.  There  are  recognizable 
limits  on  both  the  values  of  (Kjc/o  )  2  and  (o  /o  )  for  materials  in  use  today.  The  bounds  are  illus¬ 
trated  in  Figure  4. 


The  data  presented  in  Figure  4  clearly  illustrate  the  relationship  of  non-destructive  inspection  (NDI) 
capability  and  material  selection  to  resist  brittle  fracture.  For  example,  a  through  the  thickness  crack 
will  experience  plane  strain  fracture  when  K  ■  Kjc  ■  o  /  r&c  .  If  fracture  is  assumed  to  occur  at  the 
design  limit  stress,  the  value  of  critical  crack  length,  ac,  can  be  computed.  For  many  aircraft  structures, 
design  limit  stress  is  of  the  order  of  o L  ■  0.6oyg  ®nd  "fKIC  \2  l  ^(*IC  1  ’  Thua*  each  polnt  on 

\p.6oygj  ~  ^Oygj 

Figure  4  might  be  considered  the  critical  characteristic  flaw  dimension  for  plane  strain  fracture,  and 
thus  describe  the  sensitivity  level  required  for  fleet  inspection*  For  this  type  of  selection  criteria, 
many  materials  may  be  prohibited  because  of  the  extremely  small  flaws  which  must  be  detected.  Limits  of 
NDI  practice  are  not  well  defined. 


Flg.4  Variation  of  crack  length  parameter  with  structural  efficiency  parameter 


With  the  technological  trend  in  material  utilization  growing  toward  greater  strength  to  weight  ratios, 
it  seems  logical  also  to  define  more  realistic  limits  on  the  material  selection  based  on  uncontrollable 
"human  element"  defects.  Thus,  the  crack  size  definition  of  Figure  4  might  indicate  limits  produced  by 
normal  tool  marks,  scratches  or  gouges  produced  during  manufacture  or  maintenance.  If  these  limits  are 
recognized  as  sound,  then  more  effective  means  of  inspection  may  be  required,  such  as  proof  of  testing 
(Figure  S). 
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In  the  prevlvnie  rt  l  mum*  tun  it  wa*  assumed  that  plane  attain  ir«ctur«  vn»  the  dominant  consldemlou. 
fortunately,  thin  U  mu  always  the  ease  for  many  engineering  matertula  because  or  the  effects  of  thtck- 
naa»t  plasticity,  geometry,  etc.  (figure  6  and  1),  The  question  doe*  remain,  turnover,  am  to  vim  role 
Kw-  ha*  In  the  material  selection  amt  analyst*  process.  It  la  perhaps  aafo  in  conclude  that  the  selection 
of  candidate  materials  for  a  specific  consideration  can  he  made  on  the  baala  of  superior  K,\c *  »u  tong  ar 
the  materials  are  similar.  The  decision,  however,  reata  upon  the  thicknena  required  to  fulfill  the  teak. 
In  figure  f,  the  variation  of  critical  atreaa  Intensity  factor  with  thickness  la  Uluatrared  for  several 
alloya.  (Kef.  1) 


Fig.6  Trend  In  fracture  mode  appearance  vs,  crack  tip  plastic  zone  parameter 
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Fig.7  Nominal  critical  stress  intensity  for  several  materials 


Material  eelectlon  based  on  cyclic  growth  considerations  la  not  ae  clearly  defined,  since  observed  • 
trends  In  cyclic  rate  date,  for  a  non-aggraaalve  environment  Indicate  that  materials  within  a  group  or  I 
class  generally  fall  within  a  narrow  scatterband,  with  little,  If  any  dependence  on  toughneae.  Average  J 
growth  rate  curves  have  been  included  In  Figure  8  to  illustrate  the  relative  relationship  between  materials. 

Hahn  (Ref.  2)  has  observed  that  the  rate,  da/dn,  can  be  approximated  for  many  materials  set  A 
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in  tli*  cantral  or  log  llnaar  portion  o f  th*  growth  rata  curva.  Savaral  pointa  ara  shown  In  Flgura  8  using 
tha  Hahn  axpreeaion.  Bacauaa  of  tha  ralationahip  of  growth  rata  to  modulus,  B,  the  data  can  be  normalized 
to  tha  notarial  density,  p  ,  as  indicated  in  Figure  9  where  rata  curves  are  seen  to  couvarge.  It  is 
apparent  than,  that  a  material's  advantage  can  only  be  assessed  on  an  individual  application  basis. 

Growth  under  variable  amplitude  spectrum  loading,  for  example,  may  produce  different  trends  in  growth 
retardation  due  to  tha  interaction  of  loads.  Generally  speaking,  however,  the  time  to  failure  from  an 
initial  flaw  is  dependent  upon  the  toughness  Kxc  as  illustrated  in  Figure  10.  The  relative  effect,  however, 
may  be  dependent  upon  the  shape  and  severity  of  the  spectrum.  The  selection  of  materials  for  repeated  load 
application  in  the  proaence  of  flaws  may  be  aeriously  Influenced  by  the  chemical  and  thermal  environments 
In  which  the  structure  must  oparata. 


.  ,  .  .  ,  Flg.9  Comparative  crack  growth  rate  data 

Ftg.8  Fatigue  crack  growth  data  for  typical 

aircraft  structural  materials 
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Fracture  Control  -  Basic  Objectives 


Of  the  recent  Air  Force  experiences  with  high  strength  materials,  none  is  more  dramatic  or  illustra¬ 
tive  of  the  need  for  fracture  control  than  that  of  C6ac  steel  used  in  major  structural  locations  of  the 
F-lll,  Reference  3.  An  accident  In  December  1969,  which  has  been  attributed  to  the  presence  of  a  critical 
defect  in  the  steel  wing  pivot  fitting,  was  the  singular  event  which  caused  wide  spread  action  and  reaction 
within  the  Air  Force  and  the  contractor  and  resulted  in  the  formation  of  a  fleet  recovery  program  and 
structural  proof  test  effort. 


Fig.l  1  Wing  pivot  flaw 

The  flaw  responsible  for  this  incident  is  shown  in  Figure  11,  Critical  depth  occurred  in  the  struc¬ 
ture  at  a  poirt  less  than  the  thickness  of  the  member.  The  dark  region  of  the  flaw  is  surmised  to  have 
originated  during  the  manufacture  of  the  basic  forging.  Subsequent  analysis  of  this  material  (D6ac  steel, 
strength  level  220  ksi)  during  the  fleet  recovery  program,  revealed  its  sensitivity  to  quenching  procedure 
during  heat  treatment  with  a  greater  than  two  to  one  variation  in  fracture  toughness,  Kxc>  resulting  even 
though  standard  tensile  properties  fell  within  the  acceptable  range.  The  effect  of  this  2:1  variation  of 
Kic  is  to  reduce  the  critical  crack  size  by  a  factor  of  four. 

With  somewhat  "ideal"  conditions  existing  in  this  instance  (l.e.,  the  flaw  occurring  in  a  region  of 
high  stress,  and  orientated  normal  to  the  principal  stress  direction)  brittle  fracture  of  this  unexposed 
flaw  was  inevitable.  The  subsequent  recovery  program  for  the  F-lll  fleet  and  the  proof  test  program  are 
well  documented.  (Ref.  3)  This  incident  resulted  in  the  largest  single  investigation  of  a  structural 
alloy  ever  to  be  undertaken  (Ref.  4). 

The  wing  pivot  flaw  is  an  excellent  example  to  illustrate  the  need  for  fracture  control  considera¬ 
tions  in  design  and  will  be  used  here  to  assist  in  identifying  major  goals  which  are  to  be  achieved  as  the 
result  of  instituting  fracture  requirements. 

In  examining  this  failure,  one  could  conclude  that  a  higher  toughness  would  have  resulted  in  a 
larger  critical  crack  size,  possibly  through-the-thickness  and  a  much  Improved  probability  of  detection. 

For  some  cases,  fuel  leakage  might  be  expected.  Thus,  we  can  say  that  fracture  considerations  should 
encourage  the  intelligent  selection  of  materials  and  control  procurement  and  processing  to  Insure  consistent 
properties;  assist  in  establishing  inspection  procedures  including  such  requirements  as  positive  detection 
and  leak  before  break  situation.  In  addition  to  material  selection,  growth  of  flaws  can  be  leasened  and 
critical  crack  sizes  increased  considerably  by  limiting  or  controlling  design  stress.  This  can  have  addi¬ 
tional  benefit  from  the  point  of  view  of  fatigue  resistance  or  durability  and  can  significantly  result  in 
reduced  maintenance  cost  and  system  down  time. 

The  wing  pivot  fitting  used  in  this  example  is  essentially  a  single  load  path  member.  Failure  of 
this  element  resulted  in  loss  of  the  aircraft.  A  more  damage  tolerant  structural  arrangement,  including 
possible  multiple  load  paths  or  crack  arrest  members,  if  properly  designed,  could  have  improved  the 
overall  safety. 

In  Section  II,  materials  data  were  presented  to  Illustrate  how  strength  weight  (efficiency)  could 
result  in  the  selection  of  material  with  an  undesirable  level  of  toughnees.  Likewise,  the  choice  based  on 
fatigue  alone  might  lead  to  serious  difficulty  since  many  high  strength  euterials  (steels,  for  example) 
may  have  acceptable  fatigue  resistance  but  possess  low  resistance  to  brittle  fracture  and  subcrltlcal  flaw 
growtit  (stress  corrosion  cracking,  for  example). 

Structurel  configurations  which  possess  multiple  load  peths,  crack  stoppers,  etc.,  ere  necessary  and 
desirable,  however,  their  ability  to  function  and  meet  specific  preeeelgnsd  goals  must  be  demonstrated 
early  in  design. 

Controlling  design  stress  levels  for  cosmon  structural  materials  can  have  untold  benefits  from  both 
the  strength  and  fatigue  points  of  view  and  can  prevent  costly  field  maintenance  problems.  For  example, 
multiple  load  path,  redundant  and  "fall  safe"  arrangements  may  effectively  prevent  the  loss  of  aircraft, 
so  long  as  adequate  and  frequent  inspections  are  planned.  The  sole  dependence  of  the  fall  safe  approach 
to  achieving  fracture  control  without  regard  to  limiting  design  stresses  nay  result  in  frequent  member 
failures,  costly  unscheduled  maintenance  and  aircraft  down  time.  This  situation  can  be  alleviated  by 
requiring  each  member  in  the  multiple  or  redundant  set  to  be  inherently  resistant  to  flaw  growth  within 
prescribed  bounds  (l.a.,  must  have  a  safe  life  with  cracks.) 


The  ability  to  detect  and  quantify  flawa  and  cracka ,  both  'n  tht  raw  priduci  fora  and  tha  final 
aaaaablad  atructural  erclcle,  raaalna  aa  tha  Boat  elgnlflcent  measure  In  dete'rlng  cataatrophlc  fractura. 
Bacauaa  m  lnatltuta  fractura  control  procaduraa  la  In  fact  a  frank  admittance  that  terloua  flam  can  and 
oftan  do  go  undatactad.  Thla  fact  waa  dramatically  pointed  out  by  Packman,  at  al  (Ref.  3)  In  a  atudy  for 
tha  Air  Force  Materials  Laboratory.  Tha  data  In  Figure  12  has  been  obtained  from  that  report  and  depict 
tha  sensitivity  and  reliability  of  cotmaon  HD I  aathoda  In  controlled  laboratory  experiments.  Tha  results 
are  quite  surprising  bacauaa  relatively  large  flaws  ware  not  detected.  This  does  not  nsan  that  all  hope 
la  lost  of  Inproving  our  aathoda  and  procedures.  On  tha  contrary,  continued  development  of  Improved  NDI 
techniques  la  mandatory. 
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Fig.)  2  Demonstration  of  flaw  detection  capability 
4  Fracture  Control  -  Acquirements 

Preparation  of  detailed  step  by  step  requirements  for  fracture  control  la  a  difficult  task  because  of 
tha  numerous  classes  of  aircraft  (l.e.,  fighter  bombers,  trainers,  etc.)  In  use  today  by  the  Air  Force  end 
because  of  the  various  types  of  structural  arrangements  which  comprise  th  ise  airframe.  Aside  from  the 
selection,  procurement  and  control  of  processes  for  engineering  materials ,  Implementation  of  fracture 
considerations  consists  of  the  formulation  of  safe  crack  life  and  strength  goals  which  must  be  sstlstied 
by  primary  structure.  Compliance  with  these  requirements  la  accomplished  by  analysis  In  all  cases  and 
often  requires  substantiation  by  element,  component  or  full  scale  testing.  The  fracture  analysis  Is 
completed  In  connection  with  the  conventional  analysis  (e.g.,  static  and  fatigue)  for  which  a  flaw  free 
structure  Is  assumed . 

In  the  fulfillment  of  these  analyses,  basic  materials  allowable,  knowledge  of  operational  environ¬ 
ments  and  an  analysis  capability  to  perform  complex  flsw  growth  and  strength  analyses  are  among  the  Items 
necessary.  Supplemental  testa  may  be  required  to  establish  or  substantiate  stress  lnterslty  relationships, 
verify  real  time  and  spectrum  growth  behavior,  and  demonstrate  crack  arrest  capability. 

Within  the  USAF,  early  attempts  have  been  made  to  define  and  Implement  fracture  control  programs  for 
systems  currently  In  the  design  stages.  Figure  13  Includes  a  summary  of  the  major  elements  for  two  of 

these  systems. 
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Fig.  13  Fracture  control  elements  current  systems 


As  an  example  of  the  strong  wording  of  these  directives,  the  following  Is  extracted  from  early  ver¬ 
sions  of  the  requirements  for  the  bomber. 
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'.'...Primary  structures  which  are  not  fall  safe  shall  be  designed  so  that  Initial 
flaws  or  cracks  will  not  propagate  to  critical  crack  length  during  the  lifetime 
of  the  aircraft.  Through  fracture  data  tests  and  analysis,  the  characteristics 
and  dimensions  of  the  smallest  Initial  defect  that  could  grow  to  critical  size 
during  the  service  life  shall  be  determined.  Once  these  Initial  flaws  sizes 
have  been  Identified,  quality  control  procedures  shall  be  developed  such  that 
parts  containing  initial  flaws  of  these  dimensions  will  not  be  accepted.  In 
the  event  that  the  identified  initial  flaws  sizes  are  smaller  than  the  quality 
control  detection  capability,  changes  shall  be  made  in  the  materials  and/or 
stress  levels  so  that  Initial  flaws  compatible  with  quality  control  capability 
can  be  tolerated." 

The  requirements  were  further  modified  to  require  that  the  service  life  analysis  be  made  with  specific 
initial  crack  size  assumptions.  In  other  words,  the  initial  crack  size  is  to  be  treated  as  a  design 
allowable.  For  example: 

"...These  initial  defect  limits  are  as  follows,  (a)  In  the  absence  of  special 
NDI  procedures  as  indicated  below,  the  minimum  allowable  defect  size  shall  be 
0.150"  in  its  critical  dimension,  i.e.,  0.150"  deep  for  a  surface  flaw...  (b) 

Defects  smaller  than  0.150"  will  be  allowed  if  special  NDI  procedures  are 
followed  with  a  demonstrated  ability  to  detect  flaws  of  the  required  size  with 
a  95Z  probability  at  a  50Z  confidence  level..."  (This  was  later  amended  to 
95Z  confidence  that  at  least  90Z  of  flaws  greater  than  critical  size  are  found.') 

The  analysis  of  each  part  was  to  be  performed  as  follows : 

"...The  analysis  shall  assume  the  presence  of  a  crack  like  defect,  placed  in 
the  most  unfavorable  orientation  with  respect  to  the  applied  stress  and 
material  properties  and  shall  predict  the  growth  behavior  in  the  chemical, 
thermal  and  sustained  and  cyclic  stress  environment  to  which  the  component 
is  subject." 

With  regard  to  material  selection,  usage  and  control,  measures  were  to  be  instituted  to  insure  ade¬ 
quate  toughness  in  production.  The  early  version  of  the  requirements  stated 

"...Specifications  shall  be  prepared  to  insure  materials  having  minimum 
guaranteed  Kxc  are  used  in  manufacture." 

While  the  intent  was  certainly  sincere,  the  wording  was  revised  to  be  more  direct  and  more  nearly  defini¬ 
tive. 


"...The  materials  from  which  the  structures  are  to  be  fabricated  shall  be  con¬ 
trolled  by  a  system  of  procedures  and/or  specifications  which  are  sufficient 
to  preclude  the  utilization  in  fracture  critical  areas  of  materials  possessing 
static  fracture  properties  significantly  inferior  to  those  assumed  in  design." 

To  those  familiar  with  aircraft  structural  design  and  analysis,  these  requirements  seemed  profound  in 
nature,  and  when  circulated  among  the  major  airframe  manufacturers  in  1970,  certainly  caused  a  mild  furor. 
Nevertheless,  the  basic  meaning  of  these  requirements  is  still  with  us,  both  as  contractual  obligations 
on  the  bomber  program  and  requirements  for  future  systems. 

Because  of  inexperience,  several  items  of  the  early  requirements  needed  strengthening,  or  at  least 
clarification. 

First,  the  early  requirements  lacked  sufficient  strength  regarding  the  safe  crack  growth  goals  of 
multiple  load  path  or  fall  safe  structure. 

The  second  point  concerns  the  statement  regarding  the  control  and  assurance  of  material  property 
consistency.  This  simply  means  that  properties  must  be  guaranteed  by  the  metal  producers,  or  that 
screening  of  stock  and  segregation  must  be  performed  with  the  selection  of  only  the  superior  material  for 
production,  a  coatly  procedure  in  any  case.  The  question  of  what  properties  to  control  is  often  asked. 

Kjc  ie  the  logical  choice  since  it  ia  the  only  property  for  which  standards  exist.  The  rate  of  fatigue 
crack  growth  da/dn  is  perhaps  more  significant  on  life  but  does  not  appear  to  be  as  sensitive  to  basic 
materiel  processing  procedures  as  does  the  toughness,  K|c> 

The  third  item  concerns  the  identification  of  fracture  critical  parts.  Since  the  requirements  stipu¬ 
late  that  all  primary  members  be  dealgned  for  safe  crack  growth,  a  tremendous  bookkeeping  task  is  involved, 
to  say  nothing  of  the  coats  incurred  In  tracing  materials,  processes  and  parts  through  the  manufacturing 
stage  and  the  establishment  of  standards  for  field  maintenance.  What  will  most  probably  evolve  in  a 
specific  design  are  sensitivity  analyses  for  certain  parts  to  examine  effects  on  life  due  to  material 
property  variation,  initial  flew  size,  etc..  Where  applicable,  parts  will  be  further  classified  as  to 
function,  safety,  etc,,  so  as  to  lessen  the  stringent  requirements  for  traceability  and  material  property 
control  on  those  parts  where  these  controls  are  unwarranted. 

5  Summary  of  New  Requirements 

The  lessons  learned  In  applying  fracture  mechanics  to  these  two  systems  have  been  beneficial 
in  the  formulation  of  general  "across  the  board”  damage  tolerant  or  fracture  requirements  for  future 
USAF  aircraft.  The  overall  schema  currently  defining  these  requirements  Is  shown  in  Figure  14  and  includes 
as  major  documentation,  Military  Standard  1530,  the  description  of  the  Air  Force  Aircraft  Structural 
Program  (ASIP),  and  the  detailed  requirements  (Military  Specifications)  which  provide  the  specific  wording 
of  the  requirements. 
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The  key  elements  of  Mil  Std  1530  ere  Included  In  Figure  15. 
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Fig.14  USAF  specifications  and  control  for  design  of  damage  tolerant  aircraft 


THE  STANDARD  REQUIRES:  •  DAMAGE  TOLERANT  DESIGN  OF  ALL  NEW  USAF  AIRCRAFT  SYSTEMS 

•  "SAFETY  OF  FLIGHT"  STRUCTURE  RE  DESIGNED  ASSUMING  THE 
PRESENCE  OF  PRE-EXISTINC  DAMAGE  REGARDLESS  OF  DAMAGE 
TOLERANT  DESICN  CONCEPT  USED. 

•  A  FRACTURE  CONTROL  FLAN  RE  ESTABLISHED  AMD  IMPLEMENTED 

•  DAMAGE  TOLERANCE  ANALYSES  A  TEST 

•  AIR  FORCE  APPROVAL  OF  IMPORTANT  FRACTURE  TASES 

•  MATERIAL  SELECTIONS  •  ANALYSES  A  TESTS 

•  JOINT  SELECTIONS  •  INSPECTION.  PROCESS  CONTROL, 

A  QUALITY  CONTROL  PROCEDURES 

•  FRACTURE  CRITICAL  CRITERIA 

THE  STANDARD  ALLOWS:  •  CONTRACTOR  CHOICE  OF  DESICN  APPROACH 

•  SUW  CRACK  GROWTH  •  CRACK  ARREST  e  MULTI-LOAD  PATH 

STRUCTURE  STRUCTURE  STRUCTURE 

Fig.15  Key  elements  of  Mil.  Std.  1530  as  applied  to  damage  tolerance 

An  Initial  draft  of  the  currently  propoaed  Damage  Tolerance  Requirements  hts  been  prepared  and 
Includes  specific  growth  requirements  for  each  classification  of  structure  (l.e. ,  slow  crack  growth  and 
Fall  Safe)  based  upon  the  planned  degree  of  and  frequency  of  Inspection.  This  Initial  draft,  summarized 
In  Tables  2,  3  and  4  Is  currently  being  evaluated  on  several  existing  aircraft  structures,  to  determine 
the  relative  sensitivity  and  Impact  of  the  various  element*  such  as  Initial  damage.  Inspection  frequency, 
etc.,  on  the  design  streasea. 

The  Important  variables  which  control  the  severity  of  the  crack  growth  design  requirements  are  the 
Initial  damage  sizes,  ftj,  a2 ,  and  a3,  end  the  frequency  of  Inspection.  Initial  damage  size,  assumptions 
for  Intact  structure  (flj),  reflect  the  production  Inspection  capability  of  the  contractor  and  must  be 
demonstrated  In  an  approved  NDI  program  to  prescribed  levels  of  confidence.  Flaw  size,  a/Q,  treated  as 
an  allowable,  reflects  all  possible  types  and  shapes  which  have  equal  Initial  severity  as  shown  In 
Figure  16.  It  Is  Important  to  qualify  NDI  capability  for  flaws  emlnatlng  from  fastener  holes  so  as  to 
measure  any  possible  Increase  In  detection  sensitivity  due  to  the  presence  of  the  hole.  Otherwise,  It 
must  be  assumed  that  the  crack  sizes  demonstrated  are  acting  In  conjunction  with  the  open  hole.  In  the 
analysis  of  parts  for  safe  crack  growth,  this  is  the  most  severe  case.  If  NDI  is  qualified  to  an  (a/Q) 
value  or  range,  rather  than  a  fixed  surface  length,  or  depth,  the  analyst  must  assume  the  worst  case, 
that  of  a  shallow  crack  and  examine  the  possibility  of  It  becoming  critical  prior  to  becoming  a  semi¬ 
circular  flaw  (Figure  17)  since  experimental  data  has  Indicated  that  shallow  flaws  grow  faster  in  the 
depth  direction. 

6  Conclusions  -  Some  Problems  and  Concerns 

With  the  Initiation  of  firm  requirements  for  damage  tolerant  design  and  analysis  and  the  Institution 
of  an  extensive  applied  research  activity,  the  USAF  has  made  Impressive  strides  toward  Insuring  structural 
safety  In  future  aircraft.  In  applying  these  requirements,  however,  some  problem  areas  and  concerns  still 
remain  particularly  with  regard  to  the  amount  of  success  we  can  expect  to  achieve.  For  example,  in 
examining  the  requirements  for  safe  growth  within  the  bounds  of  the  initial  and  final  crack  sizes. 

Figure  18,  we  see  that  inspection,  maximum  stress  and  fracture  toughness  govern  the  end  points  (A)  and  (C) . 
For  a  specified  life  goal,  the  designer  must  trade  stress  level,  material  type  of  construction,  etc.,  to 
fit  the  growth  curve  within  this  envelope.  Kjc  may  be  relatively  unimportant  in  this  process,  particularly 
If  the  shape  of  the  growth  curve  starts  out  flat  and  curves  sharply  toward  the  end  of  life. 
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Fig.  1 6  Equivalent  surface  flaws  based  on  detection  capability 
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Fig.  17  Growth  of  equivalent  flaws  under  sinusoidal  loading 
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Fig.  1 8  Factors  which  influence  crack  growth  life 


I  don't  want  to  convey  the  wrong  inpreaalon,  however,  since  Kjc  can  govern  the  alae  of  final  crack  in- 
eervice  and  the  lerger  KIC  of  course  la  deelred.  Between  the  end  polnta,  however,  euch  takes  place  with 
the  ehepe  of  the  growth  curve  dependent  upon  the  neny  factors  summarised  in  Figure  18,  including  the 
ratio  of  initial  to  final  stress  intensity.  The  ahape  la  also  dependent  upon  the  type  of  elision  flown, 
the  nuaber  and  relative  wagnltudea  of  the  flight  stress  cycles  end  the  aaount  of  growth  retardation  which 
say  occur  due  to  the  presence  of  overloede  or  proof  cycles,  the  material  end  the  environment,  their  Inter¬ 
relationship  and  the  sequence  in  which  the  loadings  are  applied.  Sequence  effects  are  among  the  least 
understood  and  constitute  an  area  where  a  considerable  aaount  of  benefit  can  be  gained  through  further 


research.  Whereas  the  initial  and  final  crack  sizes  nay  be  considered  deteralnlstic ,  (Kic  witS&  few 
percent,  for  example),  growth  rate  behavior  under  variable  amplitude  and  environment  is  extremely  complex 
and  difficult  to  predict  even  when  loads  and  sequences  are  known.  This  coupled  with  the  fact  that  flight 
load  environment  information  ip  most  cases  is  not  deterministic  make  the  problem  at  first  glance 
untenable.  Scatter  in  basic  growth  rate  data  can  be  as  much  as  2:1  for  most  materials,  even  in  a  controlled 
nonagreaeive  atmosphere.  Thus ,  it  appears  that  Ufa  predictions  within  this  accuracy  may  be  the  best  we 
can  achieve.  What  adds  to  the  difficulty  is  that  many  of  the  spectrum  effects  are  often  difficult  to 
separate  from  normal  scatter  in  basic  growth  rate. 

Under  certain  conditions  (l.e.,  small  crack  sizas  and  low  stress  amplitude),  growth  occurs  at  very 
low  ranges  of  AK,  Figure  19,  a  region  of  the  growth  rate  curve  for  which  there  is  little  data  due  mainly 
to  the  time  and  expense  incurred  in  the  generation.  Likewise,  until  recently,  there  has  been  little  call 
for  low  AK  growth  rate  data.  The  concept  of  threshold  or  lower  limit  of  growth  rate  AK0  is  presented  and 
data  are  available  which  show  this  to  be  related  to  the  elastic  modulus .  Recent  experiences  indicate  that 
basic  growth  rate  data  may  be  specimen  dependent,  that  la,  there  are  observed  differences  between  compact 
tension  and  surface  flaw  growth  rates  (Figure  20)  attributable  to  maximum  stress  levels,  for  example 
(Ref.  5).  Crack  front  stabilization,  for  example,  is  thought  to  affect  growth  results  at  low  AK  values. 

Thus,  there  are  many  as  yet  unanswered  effects  on  basic  growth  rate  data  generation,  which  must  be 
resolved  if  we  are  to  use  this  basic  data  to  predict  complex  loading  cases.  Figure  19  includes  a  summary 
of  these  factors. 

The  subject  of  scatter  factor  or  confidence  factor  to  be  used  in  design  with  safe  growth  predictions 
remains  undlscussed.  Current  recommended  practice  is  to  use  upper  bound  growth  rates  with  conservative 
accounting  of  factors  such  as  variations  in  anticipated  usage  and  amount  of  retardation. 
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Fig.  1 9  Factors  which  influence  measured  crack  propagation  data 


Fig,20  Surface  flaw  data  adjusted  to  a/2c  =  0  and 
compared  with  compact  tension  data 
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Requirements:  Slow  Crack  Growth  Structure 


OEGAEE 

OF 

INSPECTADILITV 


FREQUENCY 

OF 

INSRECTION 


MIN.  FERIOD 
OF  UNREPAIRED 
SERVICE  USAGE 

<F**> 


MIN.  REQUIRED 
RESIDUAL 
STRENGTH 

<’«> 


■LiLEIiilC 

HK uzsd 

in  1  Tin  ■ 

mywm 

mnHdH 

.  J 

■K7V 

UIN.  ASSUMED 
IN-SERVICE 
damage  size 

(0 


DAMAGE  GROWTH  LIMITS 


IN 

FLIGHT 

EVIDENT 


GROUND 

EVIOEHT 


WALK 

AROUHO 

VISUAL 


SRECIAl 

VISUAL 


OEROT  DR 
*AS(  LEVEL 


N/A 


RETURN 

TO 

IASE 

JlaL 


EVERY 

FLIGHT 


ONE 

FLIGHT 

(FGE> 


SRECIFIED 

IN 

CONTRACT 
DOCUMENTS 
(10  FLIGHTS 
TYFICAL) 


S  «  FREQ 

(Fw) 


SRECIFIED 
IN  CONTRACT 
DOCUMENTS 
(ONE  YEAR 
TYVICAl) 


2  «  FREQ 

<rsv> 


SRECIFIED 
IN  CONTRACT 
POCLNCHTS 


I/A  LIFE¬ 
TIME 

TYRICALt 


2  M  FREQ 

<w 


FE 


GE 


WV 


•/O  •  0.0} 

0^02" 

Dr 

Sael lar 
If 

Deitonf l re ted 


2  Cracked 
Skin  Punelt 
Plot  Failed 
Central 
ttrlneer 
(or 

•oul volant) 


DM 


♦ 


2  Crackod  Skin| 
Panels  PI 

railed  Central 
Stringer  (Or 
equivalent) 


Shall  not  cause  Initial 
rapid  propagation  p  P^ 
IMF  w 

ShalV^not  cause  copplitt 
rr 


21 

2"  or  Crdatdr 
tHroufh  crock 
In  <kln  at 
fai  lad  (trin|| 
ar  uhlchever 
It  aaollcakla 

Smaller  crack 
If  dooonit ra¬ 
ted 


-  not  couta  Initial 

’  «R,fn'«***,'0n  « 

I  Shall  not  mum  coaolete 
follvro  *  ra  In  fu 

a.  Shall  not  canto  Initial 
raold  arapof tilon 
•  R^jl  In  fpn 

I  Shall  not  cauta  collate 
failure  «  R^y  In  f^ 

"  NV 


Shall  not  cauta  initial 
rafld  RroRONailon 
0  Rp||  In  F|n 
Shall  nat  couta  coMRlaia 

rsv 


failure  f  R^^  In 


(a/Q)0N  Aa 
toociried  In 
2.}. 5  or  a. 


Shall  not  cauta  Initial 
raold  orooooatlon 
*  *DM  '*  rDN 

ll  Shall  nat  cauta  coop  I  eta 
failure  (  0^  In  f^ 


TABLE  3 

Requirotnonts:  Crock  Armt  Structuro 
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TABLE  4 

Requirements:  Fail-Safe  Structure 
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INTRODUCTION 


The  processes  involved  in  the  fracture  of  aolids  are  to  complicated  and  varied 
that  no  single  formula  or  criterion  can  be  expecteu  to  realistically  describe  all  of 
the  observed  fracture  phenomena.  Despite  this  rather  pessimistic  assessment,  a  sizeable 
body  of  useful  knowledge  concerning  certain  aspects  of  fracture  does  currently  exist, 
having  been  obtained  from  extensive  theoretical  and  experimental  research  efforts.  This 
information  enables  designers  to  approach  the  problem  of  fracture-safe  design  ir  a  more 
rational  manner,  comparatively  speaking,  than  has  been  possible  in  the  past.  Since 
fracture  in  practical  situations  is  usually  initiated  by  existing  flaws  in  processed 
and  fabricated  structural  components,  it  seems  quite  reasonable  to  expect  that  thore 
involved  with  nondestructive  inspection  of  material'  should  have  an  awareness  of  tho 
interrelation  between  flaw  size  and  the  fracture  process. 


The  objective  of  this  chapter  is  to  present  a  concise  and  somewhat  technical 
review  of  frseture  mechanics,  highlighting  its  strengths  as  well  as  its  current  limita¬ 
tions,  while  at  the  same  time  establishing  some  perspective  as  to  its  relation  to  the 
general  fracture  process.  In  so  doing,  the  importance  of  the  role  of  nondestructive 
inspection  as  one  of  several  potential  safeguards  against  failure  by  fracture  should 
be cobm  apparent. 


The  lack  of  a  comprehensive  understanding  of  the  failure  proceaa  in  atructural 
materials  has  resulted  in  the  catastropic  failure,  over  the  past  fifty  years,  of  a 
variety  of  engineering  structures  [1,2,3).  Analysis  of  tho  failed  components  of  such 
structures  as  pressure  vessels,  storage  tanks,  welded  ship  structures,  aircraft  parts, 
bridges,  pipelines,  turbine  blades  and  housings,  rocket  motor  casings  and  various  heavy 
machine  parts,  have  shown  that  crack  or  flaw  induced  brittle  fracture  has  often  been 
responsible  for  the  failures.  If  it  is  assumed  that  design  and  construction  decisions 
were  compatible  in  each  of  these  cases  with  the  appropriate  conventional  design  code 
requirements  and  construction  specifications,  the  need  to  establish  supplementary  de¬ 
sign  criteria,  as  well  as  fabrication  and  inspection  techniques,  to  insure  against  frac¬ 
ture  failure  becomes  abundantly  clear.  The  problem  in  this  respect  is  further  intensi¬ 
fied  by  current  trends  in  materials  technology  and  applications.  The  trend  toward  use 
of  exceptionally  high  yield  strength  mzterials,  such  as  is  available  in  certain  steel, 
aluminum  and  titanium  alloys,  presents  the  designer  with  an  unfortunate  dilemma.  The 
advantages  of  higher  strength  materials  that  he  now  has  at  hia  disposal  for  atructural 
applications  are  offset  by  a  significant  reduction  in  ductility,  a  factor  that  tends 
to  enhance  the  poasibility  of  failure  by  unstable  fracture. 


Theoretical  and  experimental  considerations  coupled  with  failure  studies  of 
fractured  structures  reveal  many  contributing  factors  and  influences  with  regard  to  the 
susceptibility  of  a  solid  to  fracture.  Among  the  moat  significant  are  the  existence 
of  flaws  (cracks)  and  notches  in  the  structure,  the  service  temperature,  geometry  and 
thickness  of  section,  the  state  >>f  stress  in  the  inxnediate  vicinity  of  the  pre-existing 
crack  or  notch  tip,  and  the  rate  of  load  application,  in  addition  to  the  yield  strength, 
ductility,  metallurgical  composition  and  grain  structure  of  the  material.  Several  of 
these  factors  will  be  discussed  in  soma  detail  subsequently.  They  are  mentioned  here 
only  to  give  some  illustration  of  the  inadequacy  of  conventional  design  practices  rela¬ 
tive  to  the  question  cf  fracture-safe  design.  Indeed,  design  standards  currently  in  use 
in  design  of  buildings,  bridges  and  other  civil  engineering  type  structures  are  based 
entirely  on  the  yield  strength  and  some  measure  of  ductility  of  the  material.  Although 
the  designer  has  freedom  in  determining  the  distribution  of  applied  loads,  selecting 
nominal  section  sizes,  and  introducing  designed  stress  concentrators  such  as  threads, 
holes,  openings  and  corners)  a  design  approach  which  depends  solely  on  yield  strength 
presumes  a  high  level  of  material  integrity  throughout  the  life  of  the  structure.  In 
other  words,  it  does  not  acknowledge  and  deal  with  the  possibility  that  severe  stress 
concentrations  stay  be  introduced  by  material  processing,  structural  fabrication  and 
environmental  changes.  Stress  concentrations  can  be  introduced  by  welds,  machine  tool 
markings,  stress  corrosion  and  inherent  material  microatructural  defects,  which  under  a 
combination  of  unfavorable  circumstances  may  lead  to  a  catastrophic  fracture.  The 
yield-strength  oriented  design  procedure  also  excludes  the  possibility  of  subcritical 
crack  nucleation  and  growth  under  cyclic  loadings  at  acceptable  load  levels,  i.e., 
fatigue  induced  fracture.  On  the  hypothesis  that  flaws  or  cracks  of  some  kind  are  always 
preient  in  processed  and  fabricated  structural  conponenta ,  it  is  clear  that  design  based 
only  on  maintaining  nominal  stresses  below  some  predetermined  percentage  of  the  yield 
strength  is  inadequate  to  safeguard  againat  the  poasibility  of  failure  by  fracture. 


Designers  if  heavy  machinery,  pressure  vessels,  ship  and  airernft  structures  often 
employ  additional  measures  such  as  Charpy-V  notch  impact  and  notched-bar  tensile  tests  as 


qualitative  aid*  In  evaluating  and  selecting  materials  which  ara  leas  likely  to  be  frac¬ 
ture  prone  within  a  given  set  of  design  and  operational  circumstances,  for  example  it 
is  standard  practice  to  select  materials  with  a  measured  Cbarpy  energy  value  greater  than 
that  which  has  previously  been  found  in  practice  to  successfully  resist  fracture  in  similar 
•tructurec.  While  this  practice  is  an  improvement  over  a  design  method  relying  entirely 
on  yield  strength,  it  nevertheless  has  serious  deficiencies.  Difficulties  arise  when 
applying  such  an  approach  to  new  types  of  design,  to  the  use  of  thicker  sectioned  struc¬ 
tures  and  to  newly  developed  materials,  particularly  to  materials  having  higher  yield 
strengths.  A  rational  basis  for  extrapolation  of  past  experience  to  new  situations 
is  an  inherent  requirement  with  this  approach.  Furthermore  the  design  engineer  is  not 
provided  with  the  kind  of  information  that  he  can  readily  translate  into  design  require¬ 
ments,  namely,  allowable  stress  levels. 

Although  it  is  important  to  include  fracture  considerations  in  the  design  process, 
it  should  be  emphasized  that  careful  manufacturing  and  inspection  techniques  must  also 
be  considered  as  being  complementary  to  effective  fracture-safe  design.  The  probability 
of  introducing  serious  flaws  into  a  structural  component  must  be  minimized  during  the 
processing  and  fabricating  stages.  Inspection  techniques  must  be  developed  which  can 
easily  and  economically  identify  and  characterize  potentially  dangerous  flaws.  When 
combined  with  given  allowable  flaw  site  criteria,  such  techniques  will  then  determine  a 
rational  basis  for  rejection  of  unsafe  structural  components. 

The  discussion  of  fracture  mechanics  which  follows  shall  be  confined,  by  and 
large,  to  discussion  of  the  assessment  of  fracture  resistance  or  fracture  toughness 
in  structural  metals  in  situations  where  fracture  is  essentially  brittle  or  semibrittle. 
Only  under  restrictions  of  this  kind  can  the  fracture  problem  be  treated  theoretically 
with  any  degree  of  realism  and  confidence  at  this  stage  in  the  development  of  a  general 
theory.  Other  than  the  brief  mention  given  in  the  discussion  of  different  types  of  frac¬ 
ture,  no  account  will  be  given  of  the  microscopic  and  retallographic  aspects  of  fracture, 
nor  will  fracture  dynamics  be  discussed.  The  technically  important  problem  of  environ¬ 
mentally  induced  fracture,  e.g.,  through  stress  corrosion  cracking,  hydrogen  and  irradia¬ 
tion  embrittlement  and  creep  fracture  at  elevated  temperatures,  must  likewise,  for  lack 
of  space,  also  be  omitted. 

2.  MACROSCOPIC  CLASSIFICATION  OF  FRACTURE 

Fracture  on  the  atomic  scale,  can  occur  in  crystalline  solids  in  one  of  two  ways; 
by  direct  separation  normal  to  specific  crystallographic  planes,  so  called  cleavage  or 
brittle  fracture,  and  by  extreme  slip  or  glide  plane  decohesion,  which  is  usually  referred 
to  aa  shear  or  plastic  fracture  [4).  From  the  metallurgical  viewpoint,  the  ability  to 
classify  fracture  into  two  or  three  distinct  categories  becomes  more  difficult.  In  real 
single  and  polycrystalline  solids,  the  micro-mechanisms  associated  with  crack  nucleation 
and  crack  growth  are  quite  numerous  and  complex,  and  are  Juat  beginning  to  be  understood 
with  the  recent  development  of  electron  fractography  [5J.  Fracture  surfaces  in  poly¬ 
crystalline  metals  usually  exhibit  mixtures  of  cleavage,  microvoid  coaleaence  and  slip 
type  licromechanisms  in  the  overall  fracture  process.  Dominance  of  any  one  particular 
aic  umechaniara  generally  requires  special  circumstances,  such  as  low  temperatures  and 
high  strain  rates  which  are  conducive  to  cleavage  separation  in  body-centered  cubic 
materials  [(,7]. 

The  engineering  classification  of  fracture  la  based  on  macroscopic  considerations 
of  material  separation,  and  employs  designations  such  as  brittle,  semibrittle  (or  quasi- 
brittle)  and  ductile  to  categorize  fracture.  Broadly  speaking,  brittle  fracture  exhibits 
virtually  no  macroscopically  observable  plastic  deformation  on  or  near  the  fracture 
surface.  The  fracture  surfaces  are  almost  completely  flat  across  the  severed  section, 
having  a  crystalline  texture  and  a  shiny  appearance.  The  basic  micromechanism  involved 
in  the  separation  process  is  cleavage.  Once  an  existing  crack  or  flaw  starts  to  grow  it 
tends  rapidly  to  crack  instability  or  sudden  unstable  fracture  with  relatively  low  energy 
absorption.  Brittle  fracture  is  most  commonly  observed  in  high  yield  strength  metals  and 
glassy  solids  subject  to  low  temperature,  high  strain  rates  and  a  high  degree  of  stress 
triaxiality  in  the  vicinity  of  the  edge  or  tip  of  a  flaw  (cr*ck) .  At  the  other  extreme, 
ductile  fracture  is  accompanied  by  extensive  plastic  deformation.  A  conventional  uni¬ 
axial  tensile  test  performed  or,  a  low  yield  strength  initially  uncracked  aluminum  alloy 
or  mild  steel  bar  at  room  temperature  provides  a  typical  example  of  a  ductile  type  frac¬ 
ture.  Considerable  localized  reduction  of  cross-section  takes  place  as  a  result  of 
plastic  slip  processes  before  the  bar  rails  by  shear  sliding  across  the  remaining  necked 
section.  The  essential  micromechanism  involves  slip  or  glide  plane  decohesion.  The 
fractured  surface  is  usually  inclined  relative  to  the  tensile  direction,  with  a  fibrous 
texture  and  a  dull  surface  appearance.  Extensive  plastic  deformation  necessitates  high 
energy  expenditure  so  tuat  ductile  fracture  ia  comparatively  difficult  to  initiate  and 
to  maintain  in  the  sense  that  applied  loading  must  be  maintained  throughout  the  fracture 
process.  Low  yield  strength,  high  temperature,  low  strain  rates  and  a  low  degree  of 
stress  triaxiality  are  circumstances  which  promote  ductile  fractures. 
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and  specimen  sizes.  Microvoid  coalesence,  cleavage,  and  slip  have  been  identified  as 
distinct  microraecnanisns  active  in  the  fracture  process.  The  fracture  surfaces  possess 
features  which  are  common  to  both  brittle  and  ductile  type  fractures,  that  is,  they  are 
partially  square  and  shiny  and  partially  slanted  and  fibrous.  The  initial  phase  of 
semibrittle  fracture  is  generally  marked  by  slow,  stable  crack  extension  coupled  with 
moderate  plastic  deformation  at  the  root  of  the  notch  or  crack.  This  phase  continues 


until  some  critical  load  level  is  reached,  whereupon  unstable  crack  propagation  ensues, 
having  mixed  brittle  and  ductile  surface  features.  The  energy  absorption  required  for 
aemibrittle  fracture  naturally  falls  between  the  low  anu  high  extremes  common  to  brittle 
one  4usUl*  tiMiuna  •  ‘The  iraotura  aucfaoaa  oC  madium  atsangth  metals  fractured  at  or 
near  room  temperature  are  characteristically  aemibrittle  in  appearance. 

In  crystalline  solids  such  as  structural  metals,  the  essential  distinguishing 
feature  separating  brittle,  semibrittle  and  ductile  fractures  lies  in  the  degree  of 
plastic  deformation  which  accompanies  separation.  Since  it  is  not  possible  to  establish 
precise  quantitative  measures  in  this  respect,  the  limitations  of  the  above  classifica¬ 
tion  scheme  are  quite  apparent.  It  should  also  be  remembered  that  these  rather  imprecise 
designations  are  not  always  consistent  with  microscopic  observations.  In  polycrystalline 
metals  X-ray  diffraction  and  electron  fractography  often  reveal  small  amounts  of  micro¬ 
plastic  deformations  on  fracture  surfaces  which  macroscopically  appear  brittle.  Thus  it 
must  be  emphasized  that  the  engineering  scheme  for  classifying  fracture  is  to  be  under¬ 
stood  only  in  a  phenomenological  sense,  and  that  the  terms  brittle  and  ductile  can  have 
different  meaning  to  different  people,  depending  on  the  scale  of  observation. 

3.  EARLY  DEVELOPMENTS  IN  FRACTURE  MECHANICS 

The  effects  of  stress  concentrations  due  to  holes  or  cutouts  in  otherwise  con¬ 
tinuous  structural  members  were  first  recognized  during  the  latter  part  of  the  Nineteenth 
Century.  Figures  3.1  and  3.2  illustrate  the  variation  of  the  stress  component  parallel 
to  the  direction  of  the  uniform  tension  applied  to  an  infinite  sheet  containing  a  circular 
or  elliptical  hole,  according  to  the  theory  of  elasticity  [8,9].  The  presence  of  a  cir¬ 
cular  hole  raises  the  stress  level  at  the  edge  of  the  hole  to  three  times  the  applied 
stress  level,  while  for  the  elliptic  hole,  the  stress  concentration  at  the  edge  with  the 
smaller  radius  of  curvature  increases  in  proportion  to  the  slenderness  ratio  of  the 
ellipse,  i.e.,  to  the  ratio  of  the  major  to  minor  axes.  When  the  major  axis  is  twice 
the  minor  axis  the  stress  concentration  is  five.  These  results  approximate  quite  accurate¬ 
ly  the  situation  for  finite  sheets  with  holes  when  similarly  loaded,  provided  that  the 
major  dimension  of  the  hole  is  very  much  smaller  than  the  dimensions  of  the  sheet. 

Hence  their  practical  significance  is  immediately  apparent. 

A  crack  or  flaw  of  finite  proportions  can  be  thought  of  as  the  limiting  case  of 
an  elliptic  hole  as  the  ratio  b/a  approaches  zero,  as  illustrated  in  Fig.  3.3.  According 
to  the  theory  of  elasticity,  the  maximum  stress  parallel  to  the  direction  of  the  applied 
load  at  the  edge  of  the  crack  increases  in  this  case  without  limit.  This  behavior 
explains  why  cracks  oriented  transversely  to  the  direction  of  applied  tensile  loads  tend 
to  grow  or  spread.  However,  the  material  at  the  edge  of  a  sharp  crack  obviously  cannot 
support  infinitely  large  stresses.  In  real  metals  a  state  of  plastic  yield  develops  over 
a  small  region  bordering  the  edge  of  the  crack.  Fig.  3.4.  This  point  will  be  discussed 
in  more  detail  subsequently.  It  suffices  here  merely  to  point  out  that  the  plastic 
enclaves  which  develop  at  the  borders  of  a  stationary  crack,  however  small,  tend  to 
inhibit  potential  crack  growth  through  blunting  of  the  curvature  of  the  crack  tip. 

Hence,  any  set  of  circumstances  which  inhibits  the  free  development  of  plastic  yield  at 
the  crack  borders,  e.g.,  low  temperature,  fast  rate  of  load  application,  high  degree  of 
stress  triaxiality  in  the  crack  region,  tends  to  promote  easy  crack  expansion,  or  brittle 
fracture.  For  any  given  crack  size,  an  increase  in  plastic  enclave  development  generally 
requires  greater  net  section  stresses  for  initiating  crack  extension. 

The  first  critical  load-crack  size  relation  appropriate  to  brittle  fracture 
(actually  ideal  brittle  fracture  in  the  sense  that  all  plasticity  effects  are  ignored) 
was  introduced  by  Griffith  in  1921  [10,11].  Referring  to  Fig.  3.3,  let  U  represent  the 
total  elastic  strain  energy  in  an  uncracked  infinite  sheet  of  unit  thickness  loaded  as 
shown.  Suppose  that  a  crack  of  length  2a  ■  c  is  introduced  slowly  enough  such  that  all 
dynamic  effects  are  negligibly  small,  while  the  loaded  boundary  is  held  fixed.  Since 
the  plane  dimensions  of  the  sheet  are  infinite  while  the  crack  size  is  finite,  the  applied 
stress  will  remain  at  the  same  level  a  as  the  crack  is  inserted.  Let  U  designate  the 
strain  energy  of  the  cracked  sheet.  With  the  loaded  boundary  held  fixed  the  applied 
load  can  do  no  work  as  the  crack  appears.  Consequently  the  strain  energy  in  the  body  can 
only  decrease  by  virtue  of  the  relaxation  of  the  stresses  over  the  surfaces  which  define 
the  crack.  Thus  U  <  UQ.  The  creation  of  new  surfaces  which  total  area  2c,  assuming 
the  crack  to  extend  through  the  unit  thickness  of  the  sheet,  requires  an  expenditure  of 
energy  which  Griffith  assumed  to  be  linearly  proportional  to  the  crack  surface  area, 

Y8>2c,  where  ys  is  a  fracture  surface  energy  density.  The  surface  energy  density  is 
presumed  to  be  determinable  by  experiment  for  any  given  solid  at  any  given  temperature. 

The  quantity  2ysc  can  be  interpreted  as  the  work  done  by  the  relaxing  stress  as  the  new 
internal  surface  (crack)  is  introduced.  In  other  words,  2ysc  represents  the  energy  ex¬ 
pended  in  overcoming  the  inherent  cohesion  of  the  solid  across  the  plane  crack  surface. 
Using  the  plane  strain  linear  elastic  solution  for  the  elliptic  hole  of  Fig.  3.2,  [12], 
in  the  limit  as  2b  approaches  zero,  Griffith  deduced  that  insertion  of  a  crack  2a  *•  c, 
Tjoject  to  the  given  circumstances,  changes  the  elastic  strain  energy  by  ( 1— v 2 ) /4E, 

E  being  Young's  modulus  and  v  Poisson's  ratio  [13].  The  strain  energy  of  the  cracked 
body  with  a  stationary  crack  2a  *>  c  is  thus 


U-v2), 


while  the  total  energy  is 


ffmax  *<r{  l*2§) 
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2  2 

Y  -  U  +  2ysc  -  Uo  -  (1-v2)  +  2ysc.  (3.2) 

¥,  which  is  actually  tha  thermodynamic  free  energy  of  the  cracked  solid  because  isothermal 
conditions  are  here  implied,  varies  only  as  the  crack  size  since  all  the  other  quantities 
appearing  on  the  right  size  of  Eq.  (3.2)  are  fixed  under  the  assumed  circumstances. 

Griffith  postulated  that  tha  crack  is  in  a  state  of  unstable  or  critical  equili¬ 
brium,  that  is,  at  a  point  of  incipient  growth,  when  the  free  energy  attains  a  station¬ 
ary  (in  this  case  maximum)  value.  Analytically  this  means  the  parameters  which  determine 
the  critical  crack  equilibrium  state  are  obtained  from  the  condition 
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which  from  Eq.  (3.2)  leads  to  the  requirement  that 
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or 
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For  a  given  applied  load  a  the  critical  equilibrium  crack  size  is  thus 


c  »  2a 


4Ey. 

( — v 

if(l-Y2) 


(3.6) 


Alternatively,  for  a  given  crack  size  2a  -  c,  Eq.  (3.5)  can  be  viewed  as  determining 
the  applied  stress  level  which  is  necessary  to  bring  on  a  state  of  incipient  crack 
growth ,  or 

4Ey_ 

o  *=  / - V-  *  (3.7) 

ire  (1-0 

This  is  Griffith's  formula.  It  cam  be  interpreted  as  a  brittle  fracture  criterion  for 
the  plane  infinite  sheet  described  in  Fig.  3.3  (for  conditions  of  plane  stress,  the 
factor  (1-v2)  is  replaced  by  unity) . 


Despite  the  limited  circumstances  for  which  Eq.  (3.7)  is  strictly  valid,  it  never¬ 
theless  shows  remarkably  good  experimental  correlation  with  fracture  tests  performed 
on  glassy  solids.  It  does  not,  however,  yield  results  compatible  with  experiment  when 
applied  to  fracture  in  structural  metals.  One  reason  for  this  lies  in  the  development 
of  plastic  deformation  at  the  crack  tip  regions,  mentioned  previously,  which  the  Griffith 
derivation  ignores.  In  situations  where  the  extent  of  plastic  deformation  in  the  crack 
tip  region  is  substantially  smaller  than  the  crack  size,  tht  fracture  stress  is  generally 
observed  to  be  proportional  to  l/v'c,  in  agreement  with  Eq.  (3.7).  However,  the  constant 
of  proportionality  necessary  to  correlate  with  experimental  data  for  finite-sized  speci¬ 
mens  is  found  to  be  much  greater  than  that  appearing  in  the  Griffith  formula.  In  an 
attempt  to  rationalize  this  discrepancy,  Irwin  and  Orowan  [15,16]  proposed  independently 
that  a  plastic  work  term  yp  be  added  to  the  fracture  surface  energy  ys  in  Eq.  (3.7)  in 
order  to  account  for  any  plastic  deformation  associated  with  the  separation  process.  Thus 
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was  proposed  as  a  possible  generalization  of  Griffith's  formula  to  instances  of  semi- 
brittle  fracture.  For  structural  metals,  experimental  data  requires  that  the  plastic 
work  factor  yp  be  103  to  10®  times  larger  than  the  surface  energy  ys  [14]. 

It  should  be  pointed  out  that  for  Eq.  (3.8)  to  be  even  approximately  valid,  it 
is  necessary  to  assume  that  the  plastic  enclaves  be  confined  to  very  narrow  strip-like 
regions  on  each  side  of  the  crack  plane  as  the  crack  extends.  Recent  experimental  de¬ 
lineations  of  crack-tip  plastic  enclaves  show  numerous  instances  in  which  this  condi¬ 
tion  is  not  even  remotely  satisfied  [17,18,19).  Instead  it  is  more  common  to  find 
plastic  regions  which  extend  away  from  the  crack  plane,  as  in  Fig.  3.4,  requiring  that 
the  crack-front  plastic  work  be  volume  dependent  and  not,  therefore,  a  characteristic 
constant  or  property  of  the  material  as  Eq*  (3.8)  implies.  It  thus  appears  that  the 
Irwin-Orowan  modification  of  the  Griffith  formula  is  inadequate  to  deal  with  fracture 
in  circumstances  in  which  front  plasticity  is  readily  observable. 

Griffith's  formula  applies  rigorously  only  to  the  artificial  case  of  an  elastic 
solution  for  a  plane  infinite  body.  Thus,  apart  from  the  error  associated  with  the 
omission  of  possible  plasticity  effects,  additional  error  will  arise  when  the  theory 
is  applied  to  cracked  bodies  of  finite  size.  In  the  next  section  linear  elastic  fracture 


Tnechanics,  which  considers  the  effect  of  finite  geometry  a  fracture  cri¬ 
terion,  is  considered.  V 

4.  LINEAR  ELASTIC  FRACTURE  MECHANICS 

The  simplest  possible  continuum  theory  of  fracture  is  founded  upon  the  supposition 
that  a  cracked  solid  under  load  experiences  small  deformations  which  are  everywhere 
elastic  in  character.  This  assumption  is  observed  to  be  reasonably  valid  in  strong  solids 
such  as  structural  metals,  metallic  and  ionic  crystals  and  glassy  solids.  When  coupled 
with  guidelines  which  define  the  limits  of  applicability  of  an  essentially  elastic  treat¬ 
ment,  a  linear  elastic  theory  of  fracture  has  much  practical  utility  because  of  its 
ability  to  relate  fracture  behavior  in  the  laboratory  to  potential  fracture  of  structural 
members  in  service.  Since  the  theory  is  applied  most  successfully  in  those  situations 
which  can  be  treated  analytically  as  problems  of  two-dimensions,  most  of  the  discussion 
which  follows  vilJ  be  limited  to  the  plane  case. 

4.1  Stress  Intensity  Factor  and  Fracture  Toughness 

In  Griffith's  theory  of  brittle  fracture  a  critical  stress-crack  size  relation 
is  derived  from  an  energy  postulate,  while  the  treatment  by  Irwin  leads  to  stress-crack 
size  relations  by  focusing  attention  on  the  elastic  stresses  very  close  to  the  tip  of 
the  crack  [20,21,22].  For  analytical  purposes  imagine  an  existing  flaw  or  opening  in 
a  body  to  be,  ideally,  a  plane  sharp-ended  crack.  The  solid  is  assumed  to  be  homogeneous 
and  isotropic,  with  the  crack  extending  through  the  thickness  of  the  body.  Referring 
to  Fig.  4.1,  a  local  coordinate  system  is  chosen  so  that  the  z  axis  is  collinear  with  the 
leading  edge  of  the  crack,  assumed  to  have  a  straight  front,  the  y  direction  is  perpen¬ 
dicular  to  the  plane  of  the  crack  while  the  x  direction  points  in  the  direction  of 
expected  crack  extension.  Loadings  on  the  boundaries  of  the  solid  are  taken  to  be 
applied  symnetrically  with  respect  to  either  the  x-y  plane  or  the  x-z  plane.  If  the  z 
dimension  of  the  body  is  large  a  condition  of  plane  strain  will  exist  throughout  the 
body.  At  the  other  extreme,  if  the  z  dimension  of  the  solid  is  small  relative  to  the  x 
and  y  dimensions,  as  in  a  thin  plate,  a  plane  stress  situation  will  exist.  Both  of  these 
situations  are  idealized  cases.  More  realistically,  in  all  but  very  thin  plate-like 
specimens  a  mixed  plane  stress,  plane  strain  state  will  exist  across  the  z  dimension, 
varying  from  plane  stress  at  and  very  near  the  x-y  plane  surfaces  to  plane  strain  over 
the  central  portion.  Any  plastic  deformation  which  may  occur  at  the  crack  borders  is 
neglected  in  a  first  approximation.  Plasticity  effects,  provided  they  are  small,  are 
subsequently  treated  as  a  minor  correction  to  the  elastic  analysis. 


Three  basic  modes  of  crack  surface  displacements  which  can  lead  to  crack  extension 
are  shown  in  Fig.  4.2.  In  the  opening  mode  the  crack  surfaces  move  apart  symmetrically 
with  respect  to  the  x-z  plane.  Because  of  space  limitations  attention  will  be  confined 
only  to  the  opening  mode  of  separation  since  this  mode  is  used  almost  exclusively  in 
fracture  toughness  testing.  It  should  be  realized,  however,  that  the  essential  results 
and  conclusions  associated  with  opening  mode  displacements  also  apply  to  the  other 
two  modes  shown  in  Fig.  4.2. 

Corresponding  to  the  opening  mode  conditions  outlined  above,  the  stresses  and 
displacements  at  points  close  to  the  crack  border  can  be  shown  to  have  the  form  [23] 
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uz  =  0  (plane  strain).  (4.8) 

In  these  expressions  only  the  fir^'_  term  of  a  series  expansion  is  shown.  The  omitted 
terms  involve  increasing  half  powers  of  the  ratio  of  r  divided  by  the  crack  length,  and 
consequently,  are  important  only  at  large  distances  from  the  crack  tip  (24).  Very  near 
the  crack  tip  the  first  'term  in  each  of  these  series  dominates,  especially  for  the 
stresses,  since  they  are  proportional  to  r_1/2.  Thus  over  a  region  for  which  r  is  very 
small  compared  to  the  plane  dimensions  of  the  body,  e.g. ,  the  crack  length  or  the 


Figure  4.5-Four  Point  Bend 


specimen  width,  the  above  expressions  specify  the  tip  region  elastic  stresses  and  dis¬ 
placements  to  an  acceptable  degree  of  accuracy.  The  K  term  in  these  equations  is  inde¬ 
pendent  of  r  and  0,  and  serves  only  as  a  positive  multiplying  factor  which  can  be  shown 
to  depend  on  the  applied  boundary  load  and  the  crack  size.  Its  explicit  functional  form 
in  any  given  situation  depends  on  the  geometry  of  the  cracked  body  and  the  location  of 
the  crack.  In  fracture  mechanics  terminology  K  is  referred  to  as  a  "stress  Intensity 
factor. " 


The  significance  of  the  above  expressions  is  due  to  their  generality,  since  they 
hold  for  all  stationary  plane  cracks,  regardless  of  the  configuration  of  the  body  or  the 
location  of  the  crack.  What  changes  in  these  equations,  in  going  from  one  configuration 
to  another,  is  only  the  functional  form  of  K.  Thus  the  state  of  elastic  stress  and  dis¬ 
placement  in  the  immediate  region  bordering  a  plane  crack  is,  in  effect,  entirely  charac¬ 
terized  by  the  stress  intensity  factor  K.  Expressions  similar  in  form  to  Eqs.  (4.1)  - 
(4.8)  have  been  developed  for  the  sliding  and  tearing  modes  of  crack  surface  separation 
[23].  Determination  of  the  explicit  form  of  X  for  any  given  cracked  body  configuration 
requires  an  exact  solution  of  the  corresponding  elasto-static  boundary  value  problem, 
discussion  of  which  is  beyond  the  scope  of  this  article.  Interested  readers  can  consult 
References  [21,  22,  23,  25,  26 J  for  details  and  for  additional  appropriate  references. 

The  only  exact  opening  mode  solutions  that  are  available  thus  far  are  for  in¬ 
finite  regions.  For  the  plane  infinite  sheet  loaded  as  shown  in  Fig.  3.3,  the  stress 
intensity  factor  is 


K  «  o/jfa  .  (4.9) 

For  a  plane  circular  (penny-shaped)  crack  with  diameter  2a  located  in  the  interior  of  an 
infinite  aolid  loaded  in  uniform  tension  directed  perpendicularly  to  the  plane  of  the 
crack,  K  has  the  form 


K  *  2o/^  (4.10) 

where  a  is  the  applied  tensile  stress.  For  finite  sized  regions  acceptable  approximate 
expressions  for  K  have  been  determined  by  a  variety  of  techniques.  A  tabulation  can  be 
found  in  References  [23,  25].  Stress  intensity  factors  for  inhomogeneous  and  aniso¬ 
tropic  cracked  bodies  are  discussed  in  References  [23,  26]. 

Widely  used  opening  mode  stress  intensity  factors  for  specimen  configurations 
designed  specifically  for  laboratory  fracture  toughness  testing  are  recorded  below  for 
subsequent  reference.  For  the  center  cracked  sheet,  as  illustrated  in  Fig.  4.3, 
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K  =  o{na  sec  (^)  }  [25] 

and  for  the  double  edge  cracked  sheet  as  shown  in  Fig.  4.4, 

K  »  a/a  {1.98  +  0.36  (§3.)  -  2.12  ( ~ )*  +  3.42  (I3-)3) 
where  0  <  <_  0.7,  [25],  or  alternatively 
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K  -  a  {W  tan  (j~)  +  0.1  sin  (^) }  ,  [27]. 

For  a  single  edge  cracked  sheet,  Eq.  (4.12)  is  replaced  by 

_  a  a  2 

K  -  a/a  {1.99  -  0.41  (|)  +  18.70  (|) 

-  38.48  (^)  3  +  53.85  (3)S 

for  0  <  jy  £  0.6,  [25,  28].  For  the • four-point  bend  specimen-illustrated  in  Fig. 
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[25,  29]. 


for  0  <  |  <  0.6, 


For  the  notched  round  specimen,  Fig.  4.6, 

K  -  0.233  (4I_)  *''*5  ,  d  -  0. 707D,  [30] 

ird^ 


or 

K  -  FD-3/2  [1.72 (j)  -  1.27],  [25,  31] 

for 
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0.5  <  d/D  <  0  8  . 


For  the  compact  tension  specimen  shown  in  Fig.  4.7, 

K  -  A§§£  /a  {0.296  -  1.855  (|)  + 

a  3  a  4 

-  10.170  <§)  +  6.389  (|)  ) 

for  0.3  <  |  <  0.7,  |  -  0.6,  [25, 
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The  expressions  for  K  given  by  Eqs.  (4.11)  -  (4.19)  although  approximate  are 
nevertheless  of  considerable  value  because  they  provide  a  simply  determinable  measure 
of  the  resistance  of  a  material  to  brittle  fracture.  For  example,  if  for  any  one  of 
these  specimens  the  applied  load  and  crack  size  that  is  observed  in  a  test  to  correspond 
to  onset  of  crack  propagation  is  substituted  into  the  corresponding  expression  for  K, 
a  critical  stress  intensity  fracture  value  is  determined.  When,  furthermore,  the 
specimen  dimensions  are  chosen  so  as  to  ensure  essentially  plane  strain  conditions,  then 
this  critical  plane  strain  stress  intensity  value,  designated  by  K  ,  may  be  taken  as  a 
definition  of  the  plane  strain  fracture  toughness  of  the  material  c  tested.  Experiments 
conducted  on  a  variety  of  nign  strengtn  structural  metals  indicate  that  each  material 
has  a  characteristic  K  value  which  is  basically  the  same  regardless  of  the  design  of 
the  specimens  used  forxthe  tests.  The  choice  of  particular  test  geometry  is  thus  largely 
a  matter  of  test  program  economy  and  laboratory  convenience.  A  decade  of  laboratory 
testing  has  shown,  for  the  high  yield  strength  metals  at  least,  that  a  lower  bound  Kx 
value  exists  for  each  material.  Consequently  it  is  possible  to  interpret  the  K  valSe 
as  a  fracture  resistance  material  property  which,  under  certain  conditions,  can1De  used 
to  estimate  the  load  that  a  structural  member  containing  a  crack  of  specified  dimensions 
can  be  expected  to  sustain  without  fracture.  Several  examples  which  serve  to  illustrate 
this  concept  are  presented  in  Section  6. 


4.2  Relation  Between  the  Griffith  and  Irwin  Approaches 


Irwin  has  shown  by  use  of  Eqs.  (4.2)  and  (4.7),  for  y-direction  stress  and  displace¬ 
ment,  that  the  work  done  per  unit  area  by  the  stress  field  in  slowly  extending  both  ends 
of  a  crack  in  a  sheet  of  unit  thickness  (in  plane  strain) ,  while  the  outer  boundary  is 
held  fixed,  is  simply  2K2(l-v2)/E  [21,  33].  As  a  result  of  Clapeyron’s  Theorem  in  linear 
elastostatics  [34],  it  follows  that  this  work  represents  twice  the  rate  at  which  energy 
disappears  from  the  elastic  strain  energy  field  as  the  crack  extends,  i.e.,  the  elastic 
strain  energy  release  rate,  traditionally  designated  by  the  symbol  G.  Thus 
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(4.20) 


and  for  opening  mode  crack  surface  displacements 

K2  (1-v2) 

GI  B  -*"1 -  (4.21) 

in  plane  strain.  For  plane  stress  a  similar  calculation  yields 

K2 

G  -  g-  .  (4.22) 


The  notation  used  in  these  expressions  is  compatible  with  that  commonly  found  in  frac¬ 
ture  mechanics  literature.  Kx  and  Gx  represent  the  stress  intensity  factor  and  the 
elastic  strain  energy  release'1  rate  x  in  plane  strain,  while  K  and  G  denote  these  same 
quantities  for  either  plane  stress  or  mixed  plane  stress-plane  strain  conditions.  At 
the  onset  of  fast  crack  propagation  a  subscript  (c)  is  used  to  designate  critical  values. 
Thus  Kj  and  G_  represent  critical  values  in  plane  strain  and  K  and  G  specify  critical 
values  for  plane  stress  or  for  mixed  plane  stress-plane  strain0 (mixedcmode)  conditions. 


For  the  infinite  sheet  of  Fig. 
at  the  onset  of  crack  propagation 


3.3  in  plane  strain  it  follows  from  Eq.  (4.9)  that 
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where  it  is  understood  that  o  and  c  are  the  load  and  crack  size  which  are  observed  at 
the  critical  condition. 

In  Griffith's  theory  the  state  of  critical  and  unstable  equilibrium  is  attained 
when  Eq.  (3.3)  or  (3.4)  is  satisfied.  From  Eqs.  (3.1)  and  (3.4)  this  leads  to  the 
requirement  that 
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From  Eqs.  (4.23)  and  (4.24)  it  is  seen  that  the  onset  of  crack  propagation  in  Irwin's 
theory  corresponds  to  unstable  equilibrium  in  Griffith's  theory  when  the  elastic  strain- 
energy  release  rate  has  the  critical  value 
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or  when 
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The  surface  energy  in  the  Griffith  theory  must  be  determined  by  experiment  for  any 
given  material.  Irwin's  theory  likewise  must  rely  on  experimental  determination  of  the 
critical  value  of  Gj  (or  K_  )  for  a  given  material  beaause  a  purely  theoretical 
criterion  for  fracture  in  axcontinuous  solid  analogous,  for  example,  to  the  onset  of 
yield  condition  employed  in  the  theory  of  plasticity,  has  yet  to  be  formulated. 


4*3  Plasticity  Correction 

The  inevitability  of  plastic  deformation  at  the  tip  of  a  crack  in  structural 
metals,  as  well  as  the  importance  of  such  an  occurrence  from  the  viewpoint  of  fracture 
toughness,  was  discussed  briefly  in  Sec.  3.  However,  the  crack  tip  stress  and  displace¬ 
ment  relations  and  the  explicit  formulas  for  K  discussed  in  Section  4.1  are  based 
entirely  on  elastic  analysis.  Valid  application  of  such  analysis  to  practical  situations 
is  therefore  contingent  upon  the  requirement  that  the  extent  and  influence  of  any  crack 
tip  plastic  yield  on  the  surrounding  elastic  stresses  and  displacements,  or  on  any 
quantity  determined  by  them,  be  comparatively  small.  From  Eqs.  (4.20)  -  (4.22)  it  is 
seen  that  K  is  related  to  the  rate  of  change  with  crack  size  of  the  total  elastic 
strain  energy  in  the  body.  If  the  crack  tip  region  over  which  plastic  deformation  takes 
place  is  relatively  small,  then  the  contribution  of  such  a  region  to  the  total  elastic 
strain  energy  rate  of  the  body  will  also  be  comparatively  small  [33].  Thus  elastically 
calculated  K  formulas  will  be  substantially  correct,  i.e.,  will  be  affected  only  to  a 
minor  degree  by  the  existence  of  small  crack  front  yield  zones. 


A  somewhat  rational,  if  not  rigorous,  method  for  correcting  for  small  scale 
plastic  yield  effects  at  the  crack  border  has  been  proposed  by  Irwin  [35,  36),  based 
on  the  following  argument.  The  presence  of  a  plastic  zone  at  the  crack  front  tends 
to  elevate  the  elastic  stress  level  in  the  elastic  region  between  the  boundary  of  the 
plastic  enclave  and  the  free  edge  of  the  cracked  body  as  a  consequence  of  the  redistribu¬ 
tion  of  stress  caused  by  the  plastic  deformation.  To  compensate  for  this  increase, 
the  actual  half  crack  length  can  be  imagined  to  be  increased  by  an  aax>unt  ry,  which 
represents  a  measure  of  the  plastic  enclave  dimension  along  the  plane  of  the  crack 
under  conditions  of  small-soale  yielding,  as  in  Fig.  4.8.  In  other  words,  the  actual 
stress  in  the  elastic-plastic  solid  corresponding  to  a  half  crack  length,  a,  is  imagined 
to  be  equivalent  to  the  stress  that  would  arise  from  an  "effective"  half  crack  length 
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in  a  perfectly  elastic  material.  A  precise,  realistic  calculation  of  the  shape  (and 
therefore  the  sise)  of  the  crack-tip  plastic  enclave  ia  currently  not  possible  because 
of  the  mathematical  difficulties  associated  with  the  required  elastic-strain  hardening 
plastic  analysis.  However,  elastio-perfeotly  plastic  anajysis  for  the  tearing  mode 
problem  (mode  III  of  Fig.  4.2)  indicates  a  circular  plastic  sons  with  radius  proportional 
to  K2  divided  by  the  square  of  the  yield  stress  in  simple  shear  (37).  A  result  similar 
in  form,  mathematically,  is  obtained  for  the  opening  nx>de  from  Eq.  (4.2)  if,  along  the 
plane  of  the  oraok,  8*0,  the  y-direction  stress  is  set  equal  to  the  uniaxial  yield 
stress  of  the  material  oy  at  some  distance  r  *  ry  from  the  oraok  tip.  These  considera¬ 
tions  prompted  Irwin  to  propose  as  a  rough  measore  of  the  plastio  sons  sise 
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The  plane-strain  plastic  zone  size  measure  is  reduced  by  a  factor  of  one-third  in  order 
to  account  for  the  constraining  effect  of  the  lateral  a  stress,  which  is  zero  in  plane 
stress. 


Near  the  crack  tip  along  the  plane  of  expected  crack  extension  a  state  of  triaxial 
tension  exists  for  the  plane  strain  case,  which  reduces  to  biaxial  tension  in  plane  stress. 
The  effect  that  such  a  difference  in  the  state  of  stress  may  have  on  the  mechanical 
behavior  of  the  material  can  be  demonstrated  qualitatively  as  follows.  Consider  a  solid 
which  is  subjected  to  a  series  of  tensile  tests;  the  first  uniaxial,  the  second  biaxial 
and  the  third  triaxial,  as  illustrated  in  Fig.  4.9. 

For  each  case  in  increasing  order  of  dimensionality 
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where  B,,.,  E,,.  and  E , are  the  effective  elastic  moduli  in  each  case.  The 
direction*  elastic  stress^-strain  relations  can  then  be  expressed  in  the  form 


(D- 


for  the  uniaxial,  biaxial  and  triaxial  situations  respectively.  Setting  k  -  1  and 
choosing  v  »  1/3,  for  a  given  level  of  stress  o,  in  the  elastic  range  the  corresponding 
strain  e.  increases  with  decrease  in  the  degree^of  dimensionality  of  the  applied  tensile 
stress  system,  Fig.  4.10.  A  triaxial  tensile  state  of  stress  tends  to,  in  effect, 
"embrittle*  material  behavior  relative  to  biaxial  and  uniaxial  states.  Applying  this 
result  to  the  crack  problem,  the  a  stress  near  the  crack  border,  Fig.  4.1,  (which  is  a 
principal  stress  since  shear  stresses  vanish  along  the  crack  plane)  in  the  plane  strain 
state  acts  as  an  elastic  constraint  to  plastic  yielding  in  this  region.  As  the  crack 
opens  in  the  tensile  mode  the  material  at  the  tip  of  the  crack  is  pulled  apart.  When 
a  is  very  small  compared  to  a  and  a  ,  as  in  the  plane  stress  case,  a  thickness  reduc¬ 
tion  or  "necking  down,"  which  *is  associated  with  relatively  large  plastic  enclave 
development  can  be  readily  observed  in  front  of  the  crack  (39).  Thus  it  is  seen  that 
the  degree  of  plastic  yield  which  occurs  at  the  front  of  a  sharp  crack  is  largely  deter¬ 
mined  by  the  yield  strength  of  the  material,  and  by  the  degree  of  stress  triaxiality 
which  prevails  near  the  tip  of  the  crack. 


If  the  X  formulas  are  corrected  for  small  scale  plastio  yield  effects  according 
to  Egs.  (4.27)  -  (4.39),  for  canter  cracked  sheets  in  plane  stress,  Eqs.  (4.9)  and 
(4.11)  become 
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and 

2  2 

X2  -  c2(  (*a  4  |  <Jh  )*sec(Jjna  ♦  y  (j^>  | ) )  .  (4.31) 

for  the  notched  round  bar  in  plane  strain,  replacing  the  notoh  diameter  d  by  d-2rrv 
allows  Eg.  (4.17)  to  be  sxxltf  led  to  the  fens  11 

K  2  2 

Kx  (1  -  ^  <ji)  l  -  0.233  oN  /$B  (4.32) 

where  d  »  /J.O  and  a ^  «  4r/»d  . 


Critical  fracture  toughness  values  are  obtained  from 


these  expressions  by  "trial  and  error"  calculations. 


4. 4  Thickness  and  Fracture  Mode  Transition,  Plane 
Strain  Size  Requirements 


In  view  of  the  effect  of  stress  triaxiality  on  the  size  of  the  plastic  enclaves, 
aschematic  representation  of  the  crack-tip  plastic  zone  might  then  appear  as  shown  in 
Fig.  4.11,  which  illustrates  qualitatively  the  change  from  plane  stress  conditions 
near  the  plate  surfaces  to  plane  strain  conditions  through  the  central  portion.  When 
the  thickness  B  is  large  compared  with  the  plastic  enclave  size  factor  (K/ay)2,  most  of 
the  plate  is  in  a  state  of  plane  strain.  If  the  thickness  is  reduced  such  that  the 
bell-shaped  ends  of  the  plastic  enclaves  overlap,  then  a  state  of  plane  stress  is  attained. 
Actual  experimental  observation  of  plastic  enclaves  show  a  wide  variation  of  shapes 
depending  on  the  plastic  properties  of  the  different  materials  [38,  39].  Figure  4.11 
is,  therefore,  shown  for  illustrative  purposes  only.  Nevertheless,  it  is  generally  true 
that  thick-sectioned  bodies  which  approach  plane  strain  conditions  tend  to  suppress  crack 
front  plastic  yield,  compared  to  thinner  sectioned  structural  members  which  yield  more 
readily  at  the  crack  border  owing  to  the  reduced  elastic  constraint.  One  might  then 
expect  to  find  fracture  toughness  variation  with  thickness  because  of  the  plastic  enclave 
size  dependency  on  thickness.  Experiments  show  this  to  be  generally  true  for  high  yield 
strength  metals.  These  same  experiments  also  show  a  distinct  correlation  between  frac¬ 
ture  surface  appearance  and  thickness.  Figure  4.12  illustrates  schematically  data 
obtained  for  7075-T6  aluminum  alloy  tested  at  room  temperature  [40,  41],  The  principal 
features  of  Fig.  4.12  have  also  been  observed  for  other  high  strength  metals  including 
steels,  aluminum  and  titanium  alloys  [14,  42,  43].  Fracture  toughness  in  general 
increases  with  reduction  in  specimen  thickness  at  a  rate  which  varies  for  different 
materials.  Beyond  a  certain  thickness,  the  fracture  toughness  approaches  a  lower  bound 
value  K  (or  Gj  ),  which  remains  independent  of  further  increase  in  B.  However,  the 
variation  of  K  cin  the  thin  sheet  or  foil  range  has  not  as  yet  been  well  enough 
documented  to  Warrant  any  general  statements  [44]. 

Fracture  surface  appearance  also  shows  correlation  with  specimen  thickness. 

Thick  sections,  essentially  in  a  plane  strain  state,  exhibit  a  wide  portion  of  the 
thickness  as  a  relatively  flat  smooth  fracture  surface  (square  fracture)  coupled  with 
thin  oblique  shear  edges  called  "shear  lips,"  Fig.  4.13a.  The  proportion  of  square 
fracture  to  oblique  shear  fracture  increases  with  increase  in  thickness.  Fig.  4.12. 

In  thin  specimens  the  fracture  surface  is  entirely,  or  almost  entirely,  oblique  shear 
(slant  fracture).  Fig,  4.13c.  In  the  range  of  thicknesses  over  which  K  attains  its 
uppermost  values,  the  fracture  surfaces  are  generally  observed  to  be  100  percent  slant 
fracture.  The  portion  of  the  fracture  toughness  versus  thickness  curve  which  changes 
rapidly  corresponds  roughly  to  a  change  in  fracture  surface  appearance  from  slant  to 
square.  In  other  words  a  fracture  mode  transition  occurs  over  the  range  of  thicknesses 
intermediate  between  thickness  values  which  give  primarily  plane  stress  and  plane  strain 
states  at  the  crack  tip. 

Slant  fracture  is  associated  with  a  shear  separation  process  whereas  square  frac¬ 
ture  is  better  characterized  by  a  cleavage-type  separation.  Since  slant  fracture  occurs 
in  thin  sections  with  relatively  extensive  plastic  yield  compared  to  square  fracture, 
which  is  typical  of  thick  sections,  the  ratio  of  plastic  zone  size  to  sheet  thickness 
is  significant  in  determining  the  degree  of  elastic  constraint  at  the  crack  tip,  and 
thus  the  appearance  of  the  fracture  surface.  This  fact  is  clearly  shown  by  means  of  the 
dimensionless  parameter  8  introduced  by  Irwin  [45,  46]. 
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Figure  4.14  illustrates  the  fracture  appearance,  in  terms  of  percent  of  slant  fracture 
s  m  i  -  p  m  (l-A/B)  x  100,  plotted  against  the  relative  plastic  tone  size  parameter  8 
for  a  large  number  of  high  strength  steels  and  several  titanium  alloys  tested  at  room 
temperature.  Note  that  when  8  ■  8_  is  greater  than  2w  the  transition  to  oblique  shear 
fracture  is  almost  complete,  being  greater  than  eighty  percent.  At  8  ■  2*,  B  »  ry. 

Thus  when  the  plastic  enclave  else  is  equal  to  or  greater  than  the  sheet  thickness,  the 
fracture  mode  Is  one  of  plastic  shear  approaching  plane  stress  conditions.  For  values 
of  8  ■  8.  less  than  about  0.5,  the  fracture  appearance  is  more  than  ninety  percent 
flat,  approaching  plana  strain,  with  B  4f  40  r.y,  Under  these  circumstances  fracture 
toughness  values  approaoh  a  minimum  value,  independent  of  further  increase  in  section 
thickness  as  indicated  by  Fig.  4,12.  In  other  words,  for  all  thickness  values  B  >  40 
r.y  «  2.1  (X.  /oy)3  a  fracture  toughness  test  performed  on  any  one  of  the  specimen  designs 
shown  in  Figs.  4:3-7  will  yield  approximately  the  same  lower  bound  X_  value.  Subsequent 
tests  performed  on  high  strength  maraging  steels  using  several  different  test  specimen 
designs  have  confirmed  this  result  [25].  These  tests  have  also  demonstrated  that  in 
the  range  of  crack  length  to^eciaen  width  ratio  0.3  <  2a/W  <  0.5  in  sheet  specimens,  or 
0.3  <_  a/W  <  0.5  in  bend  specimens,  (i)  there  is  no  significant  variation  in  XT  values 
with  change  in  ligament  length  (W/2  -  a)  in  sheet  specimens,  or  (W-a)  in  benerspooimens, 
(ii)  X.  is  independent  of  initial  crack  sise  provided  the  crack  length  is  approximately 
forty  times  rJy 


Wi,  have  previously  reftjrvad  to  the  possibility  of  Interpret inu  the  K,  value  fur 
a  given  ma  erial  a*  a  fracture  resistance  material  property,  implied  in  thill  interpret 
tat  Ion  ia  the  ability  to  ascribe  any  such  value,  obtained  From  small  used  laboratory 
teat  specimens,  to  the  full  xiaed  atruotural  component.  This  of  Bourse  meant  that  a 
laboratory  determined  K.  value  must  be  independent  of  iipeoimen  dimensions  and  specimen 
configuration.  On  the  1Rbaai*  of  the  experimental  data  discussed  above  these  require* 
monte  will  be  satisfied  when  test  specimen  thickness  and  crack  length  are  of  sufficient 
magnitude  relative  ho  the  plastic  tone  else  measure.  Accordingly,  the  most  recent 
mandations  fay  the  American  Society  for  Tasting  and  Materials  for  Kj  testing  auuueet 
that  both  test  specimen  thickness  and  crack  length  be  no  less  than  3. *>  3  u' 

order  to  ensure  valid  KJo  values. 

Mixed-modo  and  fully  plane  stress  fracture  toughness  valued  exhibit  significant 
section  thickness  dependency  in  ell  structural  metals  that  have  been  tested,  For  this 
reaso'  K  values  cannot  be  considered  in  the  same  way  as  K.  x  estimate#  for  any  given 
mater  al  as  a  material  property  independent  of  wise  and  geometry.  The  thickness  depen¬ 
dency  of  K„  is,  or  course,  related  to  the  relatively  create?  degree  of  crack  front 
plastic  yield  associated  with  non-plane  strain  conditions.  In  addition  to  thickness,  K„ 
values  may  also  depend  on  specimen  width  and  crack  site,  as  illustrated  by  Figs.  4.1% 
and  4,16,  [48],  obtained  from  sheet  specimens.  With  decrease  in  else,  a  significant 
lowering  of  K  occurs  when  the  net  section  stress,  oM,  at  onset  ol  fracture  increases 
beyond  o.g  o'  similar  trends  have  also  been  observed  for  thin-sheet  ?0?!i'T6  aluminum 
nlloy  Ns).  There  is  at  present,  however,  insufficient  experimental  data  available 
covering  a  wide  range  of  structural  metals  to  warrant  general  specimen  else  recommenda¬ 
tions  for  minimising  the  effects  of  these  variables  on  K  .  Furthermore,  contrary  to 
the  plane  strain  situation,  it  .is  possible  that  each  particular  material  or  alloy  nyetem 
may  require  different  si*o  criteria  [50  -  53]. 

The  degree  of  sharpness  of  the  crack-simulating  notch  or  slot  in  a  test  specimen 
can  affect  the  K,  value  through  notch  blunting,  with  its  concomitant  stress-relieving 
effects.  Dat-<i  obtained  from  tests  performed  on  thin  steel  sheets  is  shown  schematically 
in  Fig.  4.17,  indicating  the  variation  of  fracture  toughness  with  notch  root  radius. 

Above  a  certain  minimum  root  radius,  K  increases  in  proportion  to  th«  square  root  of 
the  notch  radius.  This  minimum  notch  root  radius  varies  with  the  material  in  question. 
Values  ranging  from  as  low  as  0.0002  inches  for  11-11  steel-  nigh  yield  strength  levels 
to  as  high  as  0.010  inches  for  7075-T6  aluminum  alloy  have  bct.n  observed  [14,  34]. 

After  considerable  study,  [55,  b6],  it  is  now  thegsneral  practice  in  fracture  toughness 
testing  to  use  a  "natural"  crack  which  has  been  initiated  at  the  toot  of  »  notch  or  saw- 
cut  slit  in  test  specimens.  Such  sharp  cracks  may  be  produced  by  striking  with  a  sharp 
wedge  at  low  temperatures,  or  more  usually  by  fatigue  at  low  cyclic  stresses. 

Because  of  the  thickness  dependency  of  K  it  should  not  be  concluded  that  K 
values  are  of  little  importance  as  compared  with  K,  values.  For  structural  uses  ol 
sheet  material,  as  in  the  aerospace  industry,  desigh  based  on  the  lower  bound  plane 

strain  fracture  toughness  would  require  unreasonably  thiak  panels  in  normally  thin-sec¬ 

tioned  structural  members.  This  would  be  particularly  true  for  the  tough  low  strength 
alloys.  However  the  K  tests  used  to  evaluate  the  fracture  toughness  in  such  circum¬ 
stances  should  be  carried  out  at  the  thickness  of  tho  intended  structural  application. 

4 . 5  Temperature  and  Fracture  Mode  Transition 

Since  the  introduction  of  notched  bar  impact  testing  at  the  beginning  of  this 
century,  e.g. ,  the  Charpy  V-notch  test,  it  haB  been  apparent  that  low-to-madium  yield 

strength  steels  exhibit  a  rather  abrupt  change  in  fracture  energy  over  a  relatively 

narrow  range  of  temperature  variation.  Within  this  narrow  temperature  range  a  transi¬ 
tion  in  mode  of  fracture  takes  place,  from  a  tough  fibrous  (oblique  shear)  fracture 
requiring  high  energy  absorption  at  higher  temperatures,  to  a  brittle  cleavage  (flat) 
fracture  requiring  low  energy  absorption  at  lower  temperatures.  Figure  4,18  illustrates 
schematically  the  typical  behavior  of  a  medium  strength  steel.  The  transition  in 
fracture  mode  arises  from  basic  differences  in  the  micromechanisms  by  which  the  fracture 
is  produced  at  different  temperatures.  The  abruptness  of  the  energy- temperature  curve 
and  the  temperatures  at  which  it  occurs  varies  with  different  material*,  and  with  the 
metallurgical  processing  of  any  given  material,  e.g.,  its  heat  treatment  Temperature 
transition  phenomena  are  pronounced  in  materials  with  body-centered  cubic  and  hexagonal 
close-packed  lattice  structures,  for  example,  iron,  molybdenum  and  *inc.  It  is  much 
less  significant  in  materials  with  face -con to red  cubic  lattice  structure  such  as  copper, 
aluminum  and  nickel  [57]. 

The  increase  in  Charpy  v-notch  energy  required  for  fracture  with  increasing  tem¬ 
perature  suggests  that  the  same  behavior  would  be  expected  for  fracture  toughness  values. 
The  same  conclusions  can  also  be  inferred  from  other  experimental  information.  Both 
the  ultimate  tensile  strength  and  the  yield  strength  of  structural  metals  are  known  to 
vary  inversely  with  temperature .  Further,  both  K  and  K. ^  tend  to  decrease  with 
increasing  ultimate  tensile  strength  and/or  yieldcstrengtfi,  as  seen  in  Figs.  4.19  and 
4.20,  [S3,  52].  From  these  experimental  observations,  K  and  Kj  can  be  expected  to  show 
significant  temperature  dependence,  with  a  tendency  to  increase10  as  the  temperature 
is  raised. 

Figure  4.21  shows  the  variation  of  K  with  temperature  for  a  medium  strength  steel 
alloy  0.073  inch  thick,  together  with  the  corresponding  change  in  the  percentage  of 
square  fracture  observed  on  the  fracture  surfaces  [41].  The  transition  in  fracture  ap¬ 
pearance  is  continuous  and  is  illustrated  schematically  in  Fig.  4.22.  Practically  all 
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of  the  change  in  fracture  surface  appaaranca  takes  placa  within  tha  range  of  temperature 
ovar  which  tha  fracture  toughness  traneition  occura,  exhibiting  a  behavior  atrikiuylj- 
aiailar  to  the  Charpy  V-notch  reaulta.  Thua  for  a  certain  class  of  structural  metals, 
there  ia  associated  with  K  values  a  characteristic  transition  temperature  range.  It 
has  also  been  observed  that  for  a  given  material,  the  temperature  transition  range  is 
smaller,  i.e.,  the  variation  in  fracture  toughness  with  temperature  is  more  abrupt,  for 
thinner  sections  and  lower  yield  strengths.  This  represents  the  added  effect  of  a  sec¬ 
tion  thickness  or  geometry  induced  transition  in  fracture  toughness  and  fracture  mode. 

The  physical  bases  of  both  transition  effects,  one  due  to  the  reduction  of  lateral 
stress  constraint  with  reduction  in  section  thickness  and  the  other  due  to  elevation 
in  temperature,  are  similat  in  that  both  tend  to  promote  crack  front  plastic  yield,  and 
thus  shear  type  micro-mechanisms  of  separation.  This  in  turn  increases  fracture 
toughness . 

The  character  of  the  temperature  dependence  of  plane  strain  fracture  toughness 
K  is  more  difficult  to  establish  because  with  rise  in  temperature  (with  correspond¬ 
ing  increase  in  the  crack  front  plastic  enclave  size),  specimen  dimensions  must  be  pro-  2 
greasively  enlarged  so  as  to  meet  the  ASTM  recommended  size  criteria,  B,a  £  2.5  (K^/o^)  • 
for  example,  for  a  test  performed  on  a  low  strength  A  533  Grade  B  steel  using  a  com¬ 
pact  tension  test  specimen  design,  Fig.  4.7,  at  room  temperature  ?5*F  with  a  yield  stress 
of  70  ksi  and  a  K.  value  of  about  150  ksi  /In,  it  is  neceaaary  to  use  a  specimen  which 
is  30  inches  wideIcand  12  inches  thick  159).  At  elevated  temperatures  the  required 
specimen  dimensions  become  prohibitively  large.  On  the  other  hand,  at  low  temperatures, 
say  at  -250*F,  a  plane  strain  fracture  of  this  tame  material  can  be  obtained  on  a  specimen 
only  2  1/2  inches  wide  and  i  inch  thick.  Data  obtained  from  this  series  of  tests.  Fig. 
4.23,  (59,  60],  as  well  as  from  another  series  performed  on  a  medium  strength  A  517-F 
alloy  steel  [61],  clearly  indicate  a  temperature  transition  phenomenon  for  plane  strain 
fracture  toughness. 

Prior  to  the  time  that  these  tests  were  performed,  it  was  generally  felt  that 
tha  relatively  abrupt  transition  In  absorbed  energy  to  fracture  observed  in  the  Charpy 
V-notch  Impact  teat  was  due  mainly  to  the  transition  in  the  state  of  stress,  i.e.,  from 
plane  strain  below  the  temperature  transition  range  to  plane  stress  above  this  range 
(62).  Since  a  single  sized  specimen  is  used  over  the  entire  range  of  temperatures  in 
the  Charpy  test,  the  observed  transition  effect  was  thought  to  be  due  simply  to  the 
impossibility  of  maintaining  sufficient  crack  front  atresa  triaxiality  in  small  specimens 
because  of  tha  increasing  plastic  zone  size  with  increasing  temperature.  Thus,  it  was 
reasoned  that  if  the  specimen  size  could  be  progressively  increased  in  a  series  of 
temperature-plane  strain  fracture  toughness  tests,  only  a  gradual  rise  in  plane  strain 
toughness  with  temperature  might  be  anticipated  (63].  The  experimental  results  shown 
in  Fig.  4.23  clearly  demonstrate  otherwise.  Electron  f ractographic  studies  of  the  frac¬ 
tured  surfaces  in  the  steep  0  -  50*F  temperature  range  in  these  tests  revealed  no  signifi¬ 
cant  differences  in  fracture  surface  appearance.  Fracture  surfaces  were  predominantly 
square  fracture  with  little  evidence  of  shear  lips.  The  pronounced  increase  in  K_ 
over  a  relatively  narrow  temperature  range  is  thus  a  strictly  temperature  induced 
effect,  independent  of  thickness.  A  higher  rate  of  increase  in  fracture  toughness 
would  be  expected  if  a  secticn- thickness  induced  transition  effect  from  plane  strain 
conditions  to  mixed-mode  or  plane  stress  conditions  were  superimposed  on  the  increase  in 
plane  strain  toughness.  This  is  borne  out  by  the  test  results  shown  in  Fig.  4.24,  (61). 
Since  some  materials  exhibit  a  sharp  decrease  in  fracture  toughness  with  a  relatively 
small  drop  in  temperature,  it  ia  imperative  that  the  designer  have  fracture  toughness 
Information  at,  and  preferably  lower  than,  the  lowest  service  temperature.  Ideally,  it 
would  be  even  more  desirable  to  have  information  on  the  toughness  variation  over  the 
whole  range  of  possible  service  temperatures. 

4.6  Strain-Rate  Effects  on  Plane  Strain  Fracture  Toughness 

In  certain  strain-rate  sensitive  materials,  notably  low-to-medium  strength  struc¬ 
tural  steels  and  soft  titanium,  a  pronounced  increase  of  yield  strength  occurs  in  a  change 
from  static  to  dynamic  load  application  which  leads  to  a  loss  of  fracture  toughness. 

In  high  strength  aluminum,  titanium  and  steel  alloys  this  effect  is  not  significant. 

There  is  now  sufficient  evidence  to  justify  the  conclusion  that  in  rate  c-*"sitive 
materials,  fracture  toughness  is  a  rate  dependent  property  where,  furthermore,  this 
dependence  is  also  a  function  of  temperature  (64,  65,  66).  Figure  4.25  is  illustrative 
of  data  obtained  from  static  and  dynamically  loaded  3-point  bend  specimens  of  a  medium 
strength  A  517-F  steel  (67).  A  more  comprehensive  and  revealing  picture  of  the  fracture 
toughness  variation  over  a  wide  spectrum  of  strain  rates  for  a  low  strength  steel  is  shown 
schematically  in  Fig.  «.26,  (68,  69,  70,  71],  The  curve  to  the  right  of  the  figure  was 
obtained  from  wide  plate  crack  propagation  tests  it  -12*F.  The  curves  to  the  left 
represent  plane  strain  fracture  toughness  vriues  over  a  range  of  strain  rates  of  five 
orders  of  magnitude.  A  gap  of  three  orders  of  magnitude  separates  the  results  from  the 
fastest  of  the  dynamically  loaded  tests  and  those  from  the  slowest  propagating  cracks. 

The  dotted  horizontal  line  represents  a  hypothetical  minimum  K.  value  for  the  -12*F 
temperature,  suggested  by  the  data  points  at  both  ends.  c 

These  limitea  test  resuit*  •ppan  ■*,  --- _ — _ __  _  :  - 

plane  strain  fracture  toughness  levei  for  a  given  temperature  in  rate-sensitive  materials. 
The  location  of  this  minimum  along  the  strain-rate  spectrum  depends  on  temperature. 

The  practical  significance  of  such  effects  is  manifest.  If  not  properly  anticipated, 
brittleness  induced  by  high  rates  of  loading,  particularly  at  low  temperatures,  can  lead 
to  significant  reduction  in  fracture  toughness,  and  thus  to  unexpected  service  failures 
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as  temperatures  drop  and  load  rates  increase.  Unfortunately  the  experimental  difficulties 
inherent  in  establishing  the  complete  rate  dependence  of  fracture  toughness  over  a 
range  of  temperatures  are  formidable. 


5.  FRACTURE  TOUGHNESS  IN  SEMIBRITTLE  FRACTURE 

While  there  is  no  theoretical  justification  for  limiting  linear  elastic  fracture 
mechanics  to  high  yield  strength  materials,  difficulties  of  a  practical  nature  arise 
when  considerable  crack-tip  plasticity  is  observed  prior  to  fracture.  Unduly  large  and 
unwieldy  specimen  sizes  become  necessary  in  order  to  maintain  validity  of  the  linear 
elastic  K  characterization  of  the  crack  tip  stress  field. 


It  has  previously  been  shown  that  to  obtain  the  plane  strain  fracture  toughness 
for  a  low  strength  A  533  steel,  c„  »  70  ksi  and  K-  =  150  ksi  /in  at  room  temperature, 
using  a  compact  tension  specimen ,  Fig.  4.7,  it  isinecessary  to  use  a  specimen  which  is 
30  in,  wide  and  12  in.  thick.  At  higher  temperatures  for  this  same  material,  or  for 
a  ductile  steel  at  the  same  temperature,  still  larger  specimen  dimensions  will  be 
required.  This  is  clearly  impractical  because  of  limited  laboratory  capabilities,  not 
to  mention  the  high  costs  of  performing  such  tests. 


A  similar  situation  prevails  for  K  testing  of  low-strength  thin  sheet  specimens. 
This  can  be  shown  in  several  ways.  Consider  a  center-cracked  sheet  specimen,  Fig.  4.3, 
for  which  the  stress  intensity  factor  is  given  by  Eq.  (4.11).  For  a  unit  thickness  the 
formula  for  K  can  be  expressed  in  terms  of  the  net  section  stress  oN  =  F/(W-2a)  as 
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Choosing  a  crack-size  to  specimen-width  ratio  of  one-half,  i.e.,  a  =  W/4,  Eq.  (5.1) 
can  be  modified  and  solved  for  W  in  the  form 
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When  a  »  c  the  entire  ligament  length  (W-?.a)  approaches  a  state  of  plastic  yield,  a 
situation  which  clearly  invalidates  use  of  an  elastic  analysis.  Suppose  it  is  assumed 
that  for  0N/0y  1  0.5,  the  crack  front  plastic  enclave  size  is  sufficiently  small  to 
justify  retention  of  the  elastic  analysis.  Then  in  place  of  Eq.  (5.2)  we  have 
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For  a  low  strength  2024-T3  aluminum  alloy  with  a  ■  50  ksi  and  K  =  87  ksi  /In  at 
thickness  B  *  1/16  in.,  application  of  Eq.  (5. 3) indicates  that  3  specimen  width  of 
W  =”  44  in.  is  necessary  for  valid  application  of  linear  elastic  fracture  mechanics. 
Again  we  are  approaching  the  limits  of  practicability  with  specimens  of  this  size. 


A  more  revealing  approach  to  the  same  problem  can  be  seen  in  another  way.  The 
elastic  stress  components  for  the  plane  stationary  crack  problem  with  opening  mode  crack 
surface  displacements  can  be  expressed  as  a  series  expansion  and  written  as  [24,  72,  73) 
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where,  corresponding  to  Eqs.  (4.1)- (4. 3),  a..  =  o  , 
represent  functions  of  the  angle  8.  Referring  tox 


Fi$?  5.  l^'fo^valuSX  ofdr/jk<<< 


1, 


all  terms  appearing  under  the  summation  sign  in  Eq.  (5.4)  can  be  ignored  in  comparison 
to  the  first  term,  so  that  for  all  points  close  to  the  crack  front 
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which  is  a  compact  representation  of  equations  (4.1)  -  (4.3).  It  is  clear  that  the 
degree  of  accuracy  represented  by  the  retention  of  only  the  first  term  of  Eq.  (5.4) 
depends  on  the  extent  to  which  —  <<  1.  In  Fig.  5.1,  rb  represents  the  radius  of  a 
circular  region  enclosing  the  crack  tip  within  which  Eq.  (5.5)  gives  acceptable  values 
of  the  elastic  stresses.  In  metals,  crack  front  plastic  yield  invariably  occurs,  so 
that  a  plastic  enclave  whose  size  along  the  plane  of  the  crack  is  roughly  ry,  is  embedded 
within  r.  .  If  ry  is  very  much  smaller  than  r b,  then  the  elevation  of  elastic  stresses 
within  rfa  caused  by  the  plastic  deformation  within  ry  is  negligible.  Hence  Eq.  (5.5) 
is  a  valid  approximation  for  the  crack-tip  stresses  fof  all  points  exterior  to  the 
plastic  enclave  but  within  the  circle  of  radius  r.,  provided  that  ry/a  <  r/a  <  rv/a  <<  1. 
(For  purposes  of  discussion,  it  is  sufficient  to  consider  the  plastic  enclave  to  °be 
circular  and  centered  at  the  crack  tip) .  Studies  desiqned  to  determine  the  variation 
in  accuracy  of  Eq.  (5.5)  with  change  in  r/a,  for  several  different  test  specimen  configura¬ 
tions  indicate  that,  for  r/a  ■  0.05,  an  error  of  the  order  of  10  percent  can  be  expected. 
(See  Ref.  [25],  pgs.  75,  76  for  details).  In  other  words,  with  r/a  «  0.05,  for  all 
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points  lying  outside  the  plastic  enclave  but  interior  to  the  radius  rb  =  0.05a  the 
elastic  crack  tip  stresses  given  by  (5.5),  or  equivalently  by  (4.1)  -  (4.3),  can  be 
expected  to  be  about  90  percent  or  more  accurate.  Accepting  this  as  a  tolerable  level 
of  accuracy,  we  consider  once  again  the  2024-T3  aluminum  allow  sheet  discussed  previously. 
For  the  indicated  K  and  values  r  =  0.5  in.  For  this  value  of  r„  the  above  inequali¬ 
ties  require  that  0?5/a  <  t/ a  <  0.05Y  or,  equivalently,  that  the  crack  length  2a  >  20  in. 
For  a  crack  size  to  width  ratio  of  (2a/W)  =  0.5,  it  is  necessary  to  have  a  specimen 
width  2a/W  =  0.5  >  20/W,  or  W  >  40  in.,  which  corresponds  to  the  result  of  the  previous 
analysis.  Thus,  for  tough  low-strength  ductile  materials  which  develop  large  plastic 
enclave  sizes  in  plane  stress,  retention  of  a  linear  elastic  approach  to  the  assessment 
of  fracture  toughness  requires  the  use  of  very  wide  test  specimens. 

In  order  to  circumvent  these  limitations  several  different  proposed  methods  of 
determining  fracture  toughness  in  situations  where  crack  front  plastic  yield  is  appre¬ 
ciable  (semibrittle  fracture)  are  currently  under  investigation.  At  this  time,  however, 
none  of  these  proposed  methods  has  obtained  sufficient  acceptance  to  be  recognized  as 
an  international  or  national  standard. 

Accordingly,  a  brief  outline  of  the  better-known  of  these  methods  is  presented 

below. 

5. 1  Crack-Opening  Displacement  (COD) 

For  situations  in  which  significant  crack-tip  plastic  yielding  occurs  prior 
to  unstable  fracture,  a  certain  amount  of  opening  displacement  (blunting)  of  the  crack 
or  notch  tip  is  often  observed.  This  crack  opening  displacement  (COD)  has  been  proposed 
as  a  measure  of  fracture  resistance  in  situations  where  crack-tip  yielding  is  greater 
than  allowable  limits  for  the  elastic  K  characterization  of  fracture  toughness  [74,  75]. 

In  situations  of  small  crack-tip  yielding,  an  approximate  relationship  has  been 
established  between  the  COD  concept  and  the  linear  elastic  G  or  K  quantities.  This 
relation  is  obtained  by  considering  the  crack  tip  yield  region  to  be  represented  by  a 
circle  of  diameter  2r„.  The  actual  crack  and  plastic  zone  combination  is  then  replaced 
for  analysis  purposesYby  an  effective  elastic  crack,  a  =>  a  +  r  ,  as  shown  in  Fig.  5.2a. 
The  crack-opening  displacement,  6,  is  defined  as  the  separation*of  the  faces  of  the  ef¬ 
fective  elastic  crack  at  the  position  corresponding  to  the  tip  of  the  real  crack,  and 
represents  the  actual  crack- tip  opening  due  to  plastic  yield,  as  seen  in  Fig.  5.2b. 

The  COD  or  6  can  be  calculated  by  first  substituting  t)  =  tt  and  r  =»  ry  in  Eq. 

(4.7)  for  the  plane  strain  y-direction  displacement,  giving 
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Then  with  5  =  2u  (ry,7r)  and  ry  =  l/6ir  (K/ay)  ,  Eq.  (4.21)  becomes 
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A  similar  analysis  in  the  case  of  plane  stress  gives 
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In  keeping  with  the  approximate  nature  of  the  entire  calculation,  a  value  of  unity  is 
assumed  for  the  coefficient  multiplying  G/o^,  so  that 
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Within  the  limitation  of  small  plastic  enclave  size,  Eq.  (5.7)  merely  recharacterizes 
G,  the  elastic  energy  release  rate  of  the  entire  body,  in  terms  of  the  deformation  of  the 
material  at  the  tip  of  the  crack. 

Regardless  of  the  relative  size  of  the  yield  zone  at  the  crack  tip,  however, 
crack  extension  can  be  expected  to  take  place  at  some  critical  COD  value.  This  critical 
value  designated  by  <5  ,  (at  a  given  temperature,  section  thickness  and  strair  rate) 
has  been  proposed  andcis  currently  being  investigated  as  a  measure  of  resistance  to 
fracture.  If,  as  is  often  the  case  with  ductile  materials,  crack  growth  initiation  is 
followed  by  slow  stable  crack  growth  prior  to  crack  propagation,  the  observed  value  of 
5  at  the  onset  of  catastrophic  crack  propagation  should  be  taken  as  the  critical  COD. 

Another  example  of  an  elastic  analysis  with  simulated  plasticity  can  be  seen 
in  Dugdale's  "strip-yield"  model  [76].  In  situations  where  such  a  model  may  be  reason¬ 
ably  applied,  the  "strip-yield"  model  permits  consideration  of  plastic  zones  more 
extensive  than  car.  be  tolerated  by  the  Irwin  ry  correction  discussed  previously.  The 
Dugdale  model  consists  of  a  crack  of  length  2a*in  a  thin  infinite  sheet  (in  plane  stress) 
which  is  loaded  uniformly  in  tension  normal  to  the  plane  of  the  crack.  The  plastic  yield 
at  the  ends  of  the  crack  is  assumed  to  be  confined  to  a  very  narrow  band  of  length  s. 
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oriented  along  the  lei.*Lh  of  the  crack,  rig.  5. 3a.  Plaetio  cones  having  this  shape  have 
been  observed  in  thin  sheet  specimens  of  mild  strain-hardening  materials  (77].  The 
crack  shown  in  Pig.  5.3a  is  replaced  by  an  extended  oraak  a+s,  loaded  over  the  length  s 
by  a  compressive  stress  of  constant  magnitude  equal  to  the  yield  strese  of  the  materials, 
Pig.  5.3b.  This  model  was  developed  to  simulate  the  constraining  effeot  of  the  actual 
strip-like  plastic  cones  for  ideal  elastic-plastic  material  response,  and  permits  elastia 
analysis  of  the  sheet  having  the  geometry  of  Fig.  5.3b.  The  characteristic  singularity 
of  the  stresses  at  the  tip  of  a  crack  in  the  elastia  analysis  of  Sec.  (4.1)  is  replaced 
in  the  Dugdale  model  by  finite  stresses  at  the  tip  of  the  extended  araok.  The  opening 
of  the  crack  walls  at  distanae  x  ■  t  a  of  Fig.  5.3b  corresponds  to  the  orc.ck  opening  dis¬ 
placement  at  the  ends  of  the  crack  of  Fig,  S.3a,  and  can  be  shown  to  be  [76] 
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In  terms  of  a  series  expansion  of  the  log  sec  function 
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For  small  values  of  the  ratio  of  applied  stress  to  yield  stress,  say  (o/oy)  <  0.1,  only 
the  first  term  of  the  series  expansion  is  significant.  Use  of  Eqs.  (4.9)IanS  (4.22) 
for  the  center-cracked  infinite  sheet  in  plana  stress,  reduaes  the  first  term  of  Eq. 
(5.9)  to  Eq.  (5.7).  Sinoe  no  restriction  is  placed  on  the  length  of  the  plaetia  cone 
dimension  s  in  the  "strip-yield"  model,  it  has  been  suggested  on  the  basis  of  some 
experimental  results  and  numerical  elastia-plaatic  solutions  of  notched  bar  configura¬ 
tions,  that  the  "strip-yield"  model  gives  a  good  estimate  of  the  relationship  between 
COD,  crack  length  and  applied  stress  in  the  presence  of  extensive  plasticity,  under  a 
wide  range  of  conditions  including  plane  strain  [79,  80,  81). 


The  initial  apparatus  for  measuring  the  COD  consisted  of  a  paddle  gage  which  was 
inserted  into  the  crack  tip,  with  the  magnitude  of  the  crack  opening  indicated  by  a  rota¬ 
tion  of  the  paddle.  Measurements  with  the  paddle  gage  were  initially  rather  successful, 
but  subsequent  attempts  at  duplicating  the  results  at  other  laboratories  led  to  the  con¬ 
clusion  that  the  technique  was  too  tedious  to  give  satisfactory  results.  In  current 
application,  the  COD  is  not  measured  directly*  instead,  a  standard  clip  gage  is  employed 
to  measure  center-crack  displacements  or  edge  displacements  in  edge-notched  specimens. 

The  clip  gage  results  are  then  correlated  with  COD  values  by  use  of  experimental  calibra¬ 
tion  curves. 


5. 2  Crack  Growth  Resistance  Curves  (R-Curves) 

Considerable  slow,  stable  crack  growth  prior  to  unstable  fracture  is  often  ob¬ 
served  in  fracture  toughness  tasting,  especially  as  the  ductility  of  the  material  increases 
or  the  thickness  decreases.  It  is  also  known  that  X0  (or  Gp)  values  demonstrate  sizable 
variations  with  specimen  width  and  initial  crack  sise.  The  lack  of  a  unique  Kg  value  for 
a  given  material,  together  with  stable  crack  growth  which  is  characteristic  of  Kc  testing, 
has  led  to  the  development  of  the  crack  growth  resistance  curve  (R-curve)  [82,  83,  50). 


The  basic  concept  of  the  R-curve  and  be  stated  as  follows*  As  the  rate  of  energy 
available  for  crack  extension,  G,  is  increased  during  specimen  loading,  it  is  opposed 
by  an  increasing  resistance  to  crack  extension,  R,  such  that  G  and  R  remain  in  equili¬ 
brium  up  to  the  point  of  crack  instability.  The  R-curve  represents  the  rate  of  energy 
absorption  in  the  creation  of  new  surfaces  and  in  plastic  deformation  throughout  the 
border  region  of  the  crack. 


For  illustrative  purposes  consider  the  center-cracked  sheet  with  an  initial 
crack  length  2aQ,  for  which  Eqs.  (4.11)  and  (4.22)  give 
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Although  the  values  of  G  and  R  are  equal  up  to  the  point  of  instability,  they  represent 
distinctly  different  physical  quantities.  The  rate  of  energy  absorption  required  by  the 
stable,  continuous  growth  of  a  crack  into  plastically  deformed  regions  increases  with 
crack  extension,  so  that  the  R-curve  has  the  form  shown  in  Fig.  5.4.  The  G-curves  in 
Fig.  5.4  are  plotted  as  a  function  of  the  crack  length  using  Eq.  (5.10),  with  each  curve 
representing  a  particular  value  of  the  applied  stress  as  a  parameter.  As  the  crack 
extends  slowly,  equality  of  G  with  R  requires  increasing  value  of  the  applied  stress  o, 
thus  raising  the  G(a,o)  curve.  Points  of  intersection  of  the  G  and  R  curves  represent 
stable  crack  lengths  for  a  given  value  of  applied  stress.  When  the  G(a,a)  curve  is  raised 
sufficiently  to  become  tangent  to  R,  unstable  crack  extension  occurs  at  the  critical 
applied  stress  aQ.  Analytically  the  condition  for  crack  instability  requires  that 
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V 

which  determines  the  fracturo  toughness  Gc  (or  Kc)  and  the  critical  crack  length,  ac. 

The  degree  of  dependence  of  Gc  on  both  initial  crack  length  and  specimen  width 
depends  on  the  shape  of  the  R-curve  for  the  material,  thickness  and  temperature  under 
investigation.  The  R-curve  is  generally  considered  to  be  a  material  property,  inde¬ 
pendent  of  specimen  size,  configuration  and  initial  crack  size.  This  proposition,  however, 
has  not  been  definitively  established  since  results  which  both  agree  and  disagree  with 
this  hypothesis  have  been  reported  (84,  85,  54].  Nevertheless,  acceptance  of  this 
assumption  allows  the  G„  dependency  on  specimen  width  and  initial  crack  size  to  be 
illustrated  qualitatively  as  shown  in  Figures  5.5  and  5.6  [50].  In  Fig.  5.5  the  initial 
crack  size  is  held  constant  while  the  specimen  width  is  varied,  and  in  Fig.  5.6  the 
width  is  fixed  while  the  initial  crack  size  is  changed. 

An  R-curve  can  be  constructed,  for  example  for  the  center -cracked  sheet  specimen, 
by  substituting  into  Eq.  (5.10)  observed  test  values  for  load  and  associated  crack  size. 
This  gives  a  corresponding  value  of  elastic  energy  rate  which  is  equal  to  R  at  the  ob¬ 
served  crack  length.  The  locus  of  all  such  values  (points  of  the  R  vs.  a  plot)  con¬ 
stitutes  the  R-curve.  A  discussion  of  various  testing  techniques  which  have  been 
developed  for  R-curve  determinations  can  be  found  in  Reference  [86].  Attempts  have  been 
made  to  construct  R-curves  through  use  of  observed  shear-lip  dimensions  [83],  and  by 
plastic  enclave  strain  measurements  [19],  in  order  to  estimate  the  plastic  deformation 
rate  contribution  to  R. 


5. 3  J  Integral 

materials  which  encouraged  the  develop- 
led  to  the  definition  of  the  J  integral 
a  fracture  criterion  in  fracture  mechanics 
energy  line  integral  defined  by  the 


(5.12) 

traction  vector  determined  by  $  ■  o*n 
over  the  contour  T,  and  Cl  is  the  displacement  vector,  Fig.  5.7.  The  line  integral  of 
Eq.  5.12  can  be  shown  to  be  path  independent  when  taken  about  any  closed  path,  [87]. 
Therefore,  the  value  of  J  obtained  from  a  closed  contour  close  to  the  tip  of  a  crack, 
as  in  Fig.  5.7,  involving  the  near-tip  stress  and  displacement  fields  can  be  equivalently 
evaluated  by  a  closed  contour  which  comprises  the  outer  specimen  boundary.  Under  normal 
conditions  this  procedure  allows  a  much  more  simplified  evaluation  process.  The  J 
integral  is  thought  to  be  applicable  to  elastic  materials  or  elastic-plastic  materials 
which  can  be  treated  by  a  deformation  theory  of  plasticity,  provided  that  there  is  no 
unloading  of  stresses  in  the  plastically  deformed  regions. 

Because  of  the  path  independent  nature  of  the  J  integral,  it  is  possible  to  show 

that 

J  -  -  |f  (5.13) 

which  represents  the  rate  of  change  of  potential  energy  with  respect  to  crack  size. 

Thus  in  the  linear  elastic  case  and,  also  for  small  scale  crack-tip  yielding  the  J 
integral  represents  the  same  quantity  as  G.  For  a  nonlinear  elastic  body,  J  may  be  inter¬ 
preted  as  the  energy  available  for  crack  extension  but,  for  the  general  elastic-plastic 
behavior,  this  interpretation  is  no  longer  valid. 


The  nonelastic  behavior  of  semibrittle 
ment  of  the  COD  and  R-curve  concepts,  has  also 
by  Rice  [87]  and  its  subsequent  development  as 
testing.  The  J  integral  is  a  two-dimensional, 
relation 

J  -  /r  (W  dy  -  ?  •  |£  ds) 
where  w  is  the  strain  energy  density,  I  is  the 


The  J  integral  has  also  been  examined  as  to  its  validity  as  a  fracture  criterion 
under  plane  strain  conditions  by  evaluating  the  integral  at  the  critical  conditions 
of  impending  crack  growth.  The  fracture  parameter  in  plane  strain,  J,  ,  has  been 
evaluated  by  several  researchers  [88,  89,  90]  using  an  involved  experifiontal  technique 
requiring  a  number  of  identical  specimens  with  a  specified  variation  in  original  crack 
size.  It  is  significant  that  a  relatively  constant  value  for  Jtc  was  obtained  for 
the  various  specimens  from  these  tests  which  would  tend  to  confirm  its  usefulness  as  a 
plane  strain  fracture  criterion.  However,  other  researchers  using  different  experimen¬ 
tal  techniques  have  found  considerable  variations  in  J-  values.  Thus  it  seems  that, 
apart  from  questions  of  its\alidity  for  general  elastic-plastic  behavior,  further 
research  efforts  are  essential  if  the  significance c£  J..  as  a  fracture  criterion  is  to  be 
satisfactorily  understood.  c 


5. 4  Nonlinear  Energy  Characterization  of  Fracture  Toughness 

For  many  situations  in  fracture  toughness  testing,  the  strain  energy  stored 
under  the  linear  portion  of  the  load-displacement  curve  is  a  small  portion  of  the  total 
strain  energy  absorbed  up  to  the  onset  of  unstable  fracture.  This  is  especially  true 
for  thin  specimens  of  low-to-medium  yield  strength  materials.  In  such  circumstances, 
sizable  crack  tip  plastic  deformation  makes  application  of  the  lit. ear  elastic  K 
characterization  of  fracture  toughness  invalid  when  conventional  sized  specimens  are 
used.  Consequently,  an  empirical  method  which  characterizes  fracture  toughness  in 
terms  of  the  total  strain  energy  rate  at  crack  instability  has  recently  been  proposed  by 
Liebowitz  and  Eftis  [91,  92], 


Figure  5.5  Figure  5.6 


a 


ton  0(c)*  M(c) 


Although  this  method  can  be  applied  to  any  specimen  geometry,  it  will  be  dis¬ 
cussed  for  the  center-cracked  sheet,  where  for  convenience  the  thickness  dimension  is 
taken  as  unity.  Let  v  designate  the  displacement  of  a  gage  point  located  at  the  point 
of  application  of  a  slowly  applied  load,  F,  which  increases  monotonically  until  fracture 
instability  occurs.  A  load-displacement  record  for  a  fracture  toughness  test  in  which 
there  is  significant  crack-tip  plastic  yield,  andpossibly  slow,  stable  crack  growth 
prior  to  crack  instability,  appears  typically  as  shown  in  Fig.  5.8.  The  actual  load- 
displacement  record  can  be  represented  quite  adequately  by  the  simple  three-parameter 
relation 

v  =  |  +  k(|)n  ,  (5.14) 

where  M(c)  is  the  crack  size  dependent  elastic  compliance  (per  unit  thickness)  of  the 
cracked  specimen.  The  nonlinear  part  of  the  load-displacement  curve  is  characterized 
by  the  parameters  k  >_  0  and  n  ^  1,  and  is  a  measure  of  the  degree  of  crack  front  plastic 
yield  and  stable  crack  growth  present  in  the  test  situation. 

The  total  strain  energy  in  the  specimen  for  any  displacement  v  in  the  nonlinear 
range  consists  of  a  linear  elastic  part,  U,,  and  a  nonlinear  part,  UNL,'  and  is  repre¬ 
sented  by  the  total  area  under  the  load-displacement  curve.  It  can  L  be  calculated 
from  Gq.  5.14  as 

F 

U  *  UL  +  UNL  *  F-v  -  f  vdF 


"  5mf2  +k(KTr><H>n  Fn+1  *  <5-15) 

The  rate  of  change  of  U  with  slow  crack  extension,  under  fixed-grip  conditions,  can  be 
shown  to  be 


,3UL, 

l7e“] 


-  u  +  hSi  ip2  <3c(H>>v  *  <5‘16> 

Since  the  first  term  on  the  right  side  of  (5.16)  is  the  elastic  strain  energy  rate 
contribution ,  i . e . , 

-175*1-1  l§S<H>lv  -  G  -  <5-17> 

it  is  logical  to  define 

G  -  -  (§§]  -  C  G  (5.18) 

v 


where  C 


2r.k  ,F 


n-1 


l1  +  n+f(R*  1 


1 


(5.19) 


When  G  is  evaluated  at  the  load  corresponding  to  tht  onset  of  oraok  instability,  it 
represents  a  nonlinear  fracture  toughness  measure,  G  .  The  quantity  £  represents  the 
degree  of  nonlinearity  which  exists  primarily  as  a„cSnsequence  of  crack-tip  plastic 
yield  and  stable  crack  growth.  When  the  value  of  C  is  very  close  to  unity,  the  load- 
displaoement  record  is  essentially  linear.  This  situation  corresponds  to  a  fracture 
toughness  test  under  plane  strain  conditions  in  which  there  is  no  significant  crack- 


tip  plastio  yield  ang  no  significant  stable  oraok  growth  prior  to  oraok  instability  i 
(25],  so  that,  when  C  •*  1.0,  0  *  G.  .  On  the  other  hand,  C  oan  have  values  considers-  ■ 
bly  greater  than  unity  for  more  ductile  materials  in  thin  sheet  specimens.  This  method  , 
is  therefore  a  generalisation  of  the  linear  elastic  characterisation  of  fracture  tough-  \ 
ness  which  is  based  only  on  the  linear  portion  of  the  load-displacement  curve.  3 


The  three  parameters  M,  n  and  k  are  determined  directly  from  the  test  record. 

M  represents  the  slope  of  the  linear  portion  of  the  curve.  In  order  to  evaluate  n  and  k, 
two  secant  lines  are  drawn  to  the  load-displacement  curve  as  shown  in  Fig.  5.9,  The 
secant  moduli  are  obtained  as  a.M  and  o,M,  whero  0  <  a,  <  a,  <  1.  The  values  of  a.  and 
a,  are  somewhat  arbitrary  except  that  the  secant  line  represented  by  a.M  should  intersect 
the  curve  near  the  point  of  crack  instability,  in  thie  case  r,  ■  7  and  Eq,  (5.19) 
reduces  to  sc 


C 


(5.20) 
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which  is  independent  of  the  elastic  compliance  M  as  expected,  and  where 


n 


1 


+  ln(F1/F2) 


(5.21) 


Since  G,  as  given  by  (5.17),  can  be  evaluated  by  the  usual  elastig  compliance  methods 
and  C  can  be  calculated  by  means  of  Equations  (5.20)  and  (5.21),  G  is  completely  known 
for  any  given  test  situation. 

6.  APPLICATIONS  OF  FRACTURE  MECHANICS  CONCEPTS 

6. 1  Damage  Tolerant  Structures 

The  application  of  fracture  mechanics  concepts  introduced  in  the  previous  sec¬ 
tions  of  this  chapter  has  led  to  the  evolution  of  a  general  class  of  structures  known 
as  damage  tolerant  structures.  These  structures  are  developed  with  the  knowledge  that 
it  is  possible  to  maintain  structural  integrity  even  though  certain  flaws  are  known  to 
exist  in  the  material.  Proner  use  of  fracture  mechanics  allows  the  prediction  of  maxi¬ 
mum  flaw  sizes  allowable  for  the  safe  use  of  these  structures.  The  procedure  of  employ¬ 
ing  damage  tolerant  structures  has  also  been  referred  to  as  a  fail  safe  or  fracture  safe 
philosophy  as  discussed,  for  example  in  Ref.  [42]. 

The  fail  safe  philosophy  assumes  that  during  the  service  life  of  a  structural 
component,  fatigue  cracks  or  other  damage  will  not  progress  to  a  catastrophic  condition 
between  specified  inspection  intervals.  This  concept  covers  all  of  the  primary  structure 
in  aircraft  so  that  the  loss  of  one  component  does  not  permit  catastrophic  failure 
of  the  entire  structure.  The  deployment  of  redundant  components  or  materials  which 
exhibit  slower  fatigue  crack  growth  rates  can  be  used  to  implement  such  a  fail  safe  con¬ 
cept.  In  addition,  stringers  are  often  used  as  crack  arrest  elements  which  are  then 
incorporated  into  the  evaluation  of  critical  stresses  for  the  structural  design  procedure. 

Proceeding  from  a  metallurgical  orientation,  Pellini  (93]  developed  the  concept 
of  fracture  safe  design  (FSD) .  This  work  was  initiated  around  1950  and  has  evolved 
through  several  phases  of  development  in  the  succeeding  years.  The  first  phase  involved 
the  identification  of  a  Nil  Ductility  Transition  (NDT)  temperature  for  steel  below  which 
there  is  effectively  no  permanent  deformation  prior  to  fracture.  The  method  is  designed 
to  protect  against  fracture  initiation  due  to  the  presenco  of  small  flaws  in  low  or 
intermediate  strength  steels  when  usedinthe  transition  temperature  range.  Protection 
is  obtained  by  restricting  the  lowest  service  temperature  to  a  specified  increment  above 
the  NDT.  The  second  phase  of  FSD  restricts  the  lowest  servioe  temperature  to  a  small 
increment  above  the  Crack  Arrest  Temperature  (CAT)  which  assures  that  brittle  crack 
propagation  cannot  occur,  regardless  of  flaw  sise,  and  is  therefore  called  a  nonpro¬ 
visional  design. 

The  third  phase  of  fracture  safe  design  involves  the  development  of  a  Fracture 
Analysis  Diagram  (FAD)  which  identifies  limiting  values  of  ap'  lied  stress  as  a  function 
of  service  temperature  The  curves  'that  comprise  the  fad  are  a  function  of  the  initial 
flaw  sizes  and  define  the  conditions  of  stress  and  temperature  at  which  brittle  frac- 
turo  would  be  expeoted  to  occur.  Depending  on  the  choice  of  initial  flaw  size,  the 
FAD  can  represent  provisional  or  nonprovisional  FSD  methods.  A  simplified  FAD  for  a 
steel  exhibiting  the  typical  brittle- to-ductile  transition  is  shown  in  Fig.  (.1.  For 
design  considerations,  reference  is  made  to  two  critical  design  points.  Designs  which 
are  based  on  a  small  temperature  increment  above  the  NDT  temperature  are  provisional, 
since  protection  against  fracture  is  a  function  of  initial  flaw  size.  Designs  based  on 
a  small  temperature  increment  above  the  CAT  are  nonprovisional  because  brittle  fracture  will 
not  occur,  regardless  of  initial  flaw  sise. 

The  fourth  phase  introduces  fracture  mechanics  concepts  into  FSD  and  leads  to  the 
development  of  the  Ratio  Analysis  Diagram  (RAO).  The  principal  difference  between  the 
FAD  and  RAD  developments  is  that  the  brlttle-to-duotile  transition  is  analyzed  in  the 
rad  as  a  function  of  yield  strength  'ther  than  temperature.  A  Ratio  Analysis  Diagram 
as  developed  by  Ooode  and  Judy  (941  t  r  aluminum  alloys  is  seen  in  Fig.  6.2  where  lines 
of  constant  ratio,  Kxe  ,  have  been  determined  from  the  elliptical  surface  eraok  geome¬ 
try.  The  prinoi-  - —  pal  value  of  the  RAD  is  in  determining  the  expeoted  type  of 
failure.  For  °V  example,  the  1  in.  thick  specimens,  the  elastic-plastic  region 

lies  between  the  1.0  and  0.63  ratio  lines,  the  plastic  region  lies  above  the  1.0  line  and 
the  brittle  region  below  the  0.63  line  (where  fracture  mechanics  concepts  must  be 
employed) . 

6.2  Critical  Crack  Size 

An  is^ortant  application  of  fracture  mechanics  to  the  nondestructive  inspection 
process  is  the  identification  of  a  critical  crack  sise  for  a  particular  structural 
application  whore  it  is  assumed  that  tho  material  properties  and  applied  stresses  are 
known.  Problems  of  brittle  fracture  resulting  from  embedded  flaws  and  part-through 
surface  cracks  are  particularly  Important  to  aerospace  applications.  Hence,  the 
discussion  of  critical  oraok  sizes  in  this  section  will  emphasise  flaws  of  this  type. 


Consider  first  the  penny-shaped  {circular  disk)  crack  of  radius,  a,  in  an  in¬ 
finite  solid  subjected  to  uniform  tensile  stress,  0,  normal  to  the  crack  plane.  The 
stress  intensity  factor  for  this  geometry  was  previously  given  in  Section  4  as 

K  =  20/  .  (6.1) 

a 


For  given  service  load  and  fracture  toughness  values,  it  is  then  possible  to  solve 
Eq.  (6.1)  for  the  critical  crack  sizu,  a0,  in  the  form 


a 


c 


(6.2) 


A  structure  is  determined  to  be  safe  only  when  flaws  of  this  type  having  diameters 
smaller  than  2ac  exist  in  this  configuration. 

A  more  general  treatment  of  the  problem  of  embedded  flaws  involves  consideration 
of  an  embedded  flat  elliptical  crack.  A  crack  of  this  type  in  an  infinite  solid  sub¬ 
jected  to  uniform  normal  tensile  stress  has  been  obtained  in  the  form  126] 


K 


0 

eW 


22  22 

(a  sir.  0  +  o  cos  0) 


(6.3) 


where  E(k)  is  the  complete  elliptic  integral  of  the  second  kind,  2a  is  the  major  axis, 
2b  is  the  minor  axis  and  d  is  the  angle  from  a  major  axis  measured  in  the  plane  of  the 
crack.  Equation  (6.3)  gives  the  stress  intensity  factor  at  all  points  around  the 
periphery  of  the  crack  as  a  function  of  the  angle  6.  The  moBt  critical  point  occurs 
at  the  minor  axis,  i.e.,  at  0  »  J,  at  which 


K 


0b1/2 
E  (k ) 


(6.4) 


where  E(k)  i3  now  a  function  only  of  the  ratio  a/b.  It  should  be  mentioned  that  Eqs. 
(6.2-4)  apply  only  for  the  case  of  completely  brittle  fracture.  A  considerable  amount 
of  effort  has  been  directed  toward  inclusion  of  the  effects  of  small-scale  plastic 
deformation  into  these  expressions  but  the  results  have  not  obtained  wide  acceptance 
and  so  are  not  included  here. 


As  with  the  case  of  the  embedded  elliptical  flaw,  considerable  effort  has  been 
directed  toward  obtaining  stress  intensity  functions  for  the  elliptical  surface  crack, 
Fig.  6.3a.  For  an  elliptical  surface  crack  of  depth,  a,  and  length,  2c,  subjected  to 
tension  normal  to  the  plane  of  the  crack,  the  elastic  stress  intensity  has  been  given 
in  the  form  (95] 
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o/na 

rnrr 


2  2  1/4 

(1-k2  cos* 3 ) 


(6.5) 


where  k2  ■  (l-(§)2),  and  the  other  terms  have  the  same  meaning  as  in  Eq.  (6,3).  The 
stress  intensity  factor  assumes  its  maximum  value  at  0  •  and  has  the  form  proposed  by 
Irwin  (95]  1 

K  -  - - j-rj  ,  (6.6) 

{E(k)2-0.212(o/oy)2} 

when  corrected  for  small  scale  crack-front  plastic  yield  by  the  addition  of  the  term 
0.212($-)  .  An  additional  modification  of  Eq.  (6.5)  has  been  developed  in  the  form  (42, 
96]  y 
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1.1  0 /wa 

(B (k) 2-0. 212  (~) 2 ) 
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(6.7) 


where  MK  is  called  the  backface  correction  factor,  values  of  which  are  given  in  Fig. 

6.3b.  *  The  use  of  MK  has  permitted  soma  lessening  of  the  initial  restrictions  on  craok 
depth-to-thiokness  ratio  and  the  limited  amount  of  allowable  plastic  deformation.  Shaw 
and  Kobayashi  (97)  also  have  presented  stress  intensity  factors  for  embedded  and  surface 
flaw  geometries. 

All  of  the  results  for  elliptio  embedded  and  surface  flaws  can  be  solved  for 
critical  crack  sise  in  the  same  manner  as  was  demonstrated  for  Eq.  (6.1).  However, 
because  of  the  nature  of  Eqs.  (6.3-7)  it  is  necessary  to  solve  for  a  by  an  iterative 
process  rather  than  obtaining  a  direct  solution  simiia;  to  Eq.  (6.2)7  Nevertheless, 
the  same  basic  procedure  applies  so  that  once  the  orack  dimensions  are  identified  it 
will  be  a  straightforward  matter  to  verify  whether  unstable  propagation  would  be  pre¬ 
dicted.  Further,  for  situations  approaching  the  geometry  of  the  standard  test  specimens, 


Eqs,  (4. 11-19)  oak  also  be  employed  for  fch»  dstsrmlnst  Uu\  of  tmUtiftl  orsuk  sisss,  Two 
example  application*  of  thin  technique  will  be  diseuxsod  next. 

6 . 3  Practical  Application* 

In  order  to  obtain  a  reasonable  insight  into  the  method  of  Applying  fracture 
mechanics  techniques,  two  example*  will  be  discussed.  The  geometry  or  thn  first  example 
will  be  that  of  a  standard  fracture  mechanics  test  while  the  second  wtU  deal  more 
directly  with  an  Aerospace  application. 

Example  1.  Consider  a  center-cracked  oanel  of  707S-T6  aluminum  alloy  which  has  the 
to i lowing  characteristics  (see  Fig.  4.3)i 

2a  -  10.0  cm 
W  ■  SO  cm 
B  ■  0.  31  cm  , 
oY  -  318  MN/nv 

o0  -  573  MN/m2 
K0  -  60.2  MN/m3/2 

where  the  K„  value  1*  selected  to  be  compatible  with  the  actual  service  conditions. 
Determine  whether  the  sheet  will  sustain  a  stress  of  131  MN/m*  if  a  crack  of  length  a  ■ 
10.0  cm  has  been  discovered  during  periodic  inspection.  Also  determine  the  critical 
crack  sine  for  this  applied  atresa  and  the  factor  of  safety  if  the  atreaa  is  sustained. 

Solution.  The  governing  stress  intansity  faotor  for  thia  gaometry  haa  been  given  in 
Sec.  4  as 

na  ^2 

K  »  o (na  sac  (~) }  . 

for  the  given  geometry  and  loading,  the  stress  intensity  faotor  becomes 
K  -  138  {3.14  x  0.05  sec  ^ * 


-  56.1  MN/m3/2  . 

Since  this  value  is  less  than  the  fracture  toughness,  the  panel  will  sustain  the  applied 
stress  with  a  factor  of  safety  of 

S.  F.  *  2  ■  1.07. 


The  critical  crack  siae  is  determined  from  the  same  equation  by  substituting  the  valuoa 

K  »  60.2  MN/m3/2  and  a  -  138  MN/m2 
c 

and  solving  for  ac  from 

wac  sec(—£)  -  -  0.1903  . 

When  thi3  aquation  is  solved  by  iteration,  it  is  found  that  the  oritical  crack  site  is 
a  ®  5.67  cm.,  so  that  flaws  less  than  this  size  can  be  permitted  without  unstable  fracture. 

The  second  example  is  a  modification  of  an  example  developed  by  Wilhem  [42]. 

Example  2. 

A  feed-through  arm  has  developed  through  the  thickness  cracks,  duo  to  fatigue 
loading,  as  shown  in  Fig.  6.4.  The  arm  material  is  2219-T87  aluminum  alloy,  1.88  am 
thick,  with  o„  »  386  MN/m2  and  Kj  ■  29.7  MN/m3/*.  The  hole  is  2.5  cm  in  diameter, 
as  shown,  andxit  is  desired  to  determine  whether  the  arm  will  sustain  a  stress  of  103 
MN/m2  with  a  safety  factor  of  254  when  the  crack  has  been  determined  to  be,  a  ■  0.63  cm. 

Solution.  The  center  cracked  plate  formula  can  also  be  used  for  this  problem  when  a 
modification  factor  f ) ,  as  shown  in  Fig.  6.5,  and  a  finite  width  correction  factor  are 
included.  The  equation  for  this  geometry  thus  has  the  form 

Kj  -  o/rra  A  f  <|)  . 

For  use  in  the  equation  above,  it  is  seen  that  |  ■  0.5  +  f (-)  ■  1.8.  It  is  also 

necessary  to  determine  whether  plane  strain  conaitioAS  apply  to  this  problem  which 
are  considered  to  apply  when  the  thickness, 


^  «  £ 

tt  »  •  Thu*  *  »  1.4  *!»  ‘  B  #«  th*t  fftllvu*  would  hs  ftntuupftied 

umtHF  o«itdmnint  of  oUint  sinuti,  Th»  finite  width  usi'iewi  ion  factat  is  duturmlniftil 
from  Fig.  ft, I  in  Itu  \  »  4 1 04  for  a  u»AUk  ftftpeat  ratio,  *■  «  0<t>6>  U  lit  then  possible 
in  solve  for  tha  ovitiwal  nU'tti  by  solving  " 


/•f 


tip 


■- = -■  ■— T—  ’ ; "  ^ A-? « ■  •  > >  =, >-'1  - "«•->•-  »  11}  NN/(K^ 

•  1.14n0.~3513  n  1.04  *  l,» 
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Therefor#,  it  i«  seen  that  ilia  sirese  of  It)  I  NN/tti^  w»U  be  supported  but,  Mia  faetot  of 
safely  is  only  ti.F,  «  fH  »  l >10  op  40  |s«trt>uitt  rather  Mien  fS  parueiik,  a*  required,  end 
the  |ia i* 4.  should  Up  replftSed, 


PAVldUK  CRAPK  QHOWTII 

7.1  &P  h  s  u  n  t  ism  HU  tie .  E&Uaym  iiMdjLM 

When  ft  utruatural  element,  which  eentftinn  irregular  geometry  »«oh  ft»  sharp 
internal  corners,  welding  flaws,  or  holes,  l*  leaded  in  a  oyollo  manner,  the  appearance 
of  ratlgue  crack#  Is  *  common  oacurrenee,  The  fatigue  life  U  considered  to  bp  com¬ 
prised  of  three  dlftlniH  nor t ions t  (el  tiraek  nualeatlwi,  (U)  crack  growth  end  la) 
unstable  final  fftilvire>  Crack  mi‘>leatiun  under  cyclic  loading  is  characterised  by 
localised  plasticity,  usually  on  wal  1* identified  slip  planes,  resultin')  from  dislocation 
motion  in  certain  preferred  regions  and  directions.  The  percentage  of  total  specimen 
life  expended  in  crack  nuoieation  is  4  function  of  the  irregularities  of  component 
deaiqn  (stress  concentration  factor)  although  other  faotors  may  also  be  significant, 

K  is  generally  accepted  that  the  portion  of  specimen  life  expended  in  crack  micleation 
is  proportional  to  the  stress  concentration  factor  whereas  the  time  expended  in  crack 
growth  is  relatively  constant,  Since  quantitative  relationships  between  stress  oonoen” 
tration  faotors  and  arack  nueleation  periods  have  not  been  widely  presented  in  the 
literature,  primary  emphasis  in  this  section  wlli  be  direoted  toward  the  crack  growth 
phase  of  fatigue  failures, 


Crack  growth  laws  for  constant  amplitude  fatigue  tests  have  evolved  from  both 
theoretical  and  semi-empirical  considerations,  Crack  growth  laws  which  are  based  on 
theoretical  considerations  usually  involve  constants  whiah  are  related  to  basic  material 
properties  such  as  yield  strength,  work  hardening  coefficient,  etc.  However,  these 
laws  are  usually  more  complex  than  the  xemlemiiirioal  laws  and  usually  do  not  fit 
experimental  data  as  well,  Since  the  semiempirical  laws  provide  simplicity  and  a  better 
fit  to  experimental  data,  only  semiempirical  laws  will  be  diaouaaed  in  this  section, 


Semlumuirical  lawa_are  based  mostly  on  the  observation  that  many  theoretical 
laws  contain  the  factor  .  *'a  which  is  the  proper  functional  form  of  the  variables  c 
and  a  ror  the  uoometry  upon  which  the  theoretical  models  are  based  (98),  The  various 
models  were  examined  by  Paris  and  Krdogan  (99)  who  then  recommended  a  growth  law  of  the 
form 


i-v4  c-11 

whore  C„  is  an  empirical  constant  and  K  is  the  stress  intensity  factor  at  maximum  load. 

A  modification  of  Kg,  (7,1)  given  by 

»  Cx  \A K)  n  ,  (7.2) 

where  A.K  <•  Km#x  «  Km^  ,  and  n  are  material  constants,  has  been  developed  which  fits 

experimental  data  for  a  wide  range  of  materials  and  loading  conditions.  For  example, 

Fig ,  7.1  demonstrates  the  good  correlation  represented  by  Eg.  (7.2)  for  7073-T6  and  2024- 
T3  aluminum  alloys  (100). 

Although  the  instances  of  successful  correlation  of  Eq.  (7.2)  with  experiments 
are  quite  numerous,  there  exist  many  situations  in  which  it  does  not  accurately  predict 
craok  growth  rates.  For  example,  it  has  bean  found  that  a  two  slope  representation  of 
Eq>  (7.2)  can  often  improve  the  accuracy  of  the  model,  as  is  seen  for  three  aluminum 
alloys  in  Fig.  7.2,  (101] .  The  two  slopes  are  n  «  13  for  very  slow  growth  rates  and 
n  »  3  for  growth  rates  greater  than  approximately  10"5  inchos/cycle.  Furthermore,  a 
threshold  value  of  AK  exists  below  which  the  craak  growth  rate  is  *ero.  Near  this 
threshold  value,  the  growth  rates  appear  to  be  significantly  dependent  upon  the  load 
ratio  R  ■  K  ,  /K  1102].  Further  it  has  been  seen  that,  at  high  growth  rates,  the 
rate  appears111  ma*  to  be  sensitive  to  material  properties,  load  ratio  and  stress 
state . 


Several  improvements  to  Eq.  (7.2)  have  been  advanced  which  can  remedy  some  of 
the  problems  discussed  above.  A  proposed  modification  of  Eq.  (7.2)  to  include  the 
effects  of  stress  ratio  and  very  high  and  low  growth  rotes  has  the  following  form  (103] 


Cj (AK)n 


(7.  3) 


63 


where  the  value  of  X_  should  be  determined  for  the  particular  specimen  geometry.  This 
result  provides  considerably  better  correlation  with  experimental  data  and,  conse¬ 
quently,  has  gained  rather  widespread  usage.  Still  another  proposed  growth  law  asserts 
that  the  mean  stress  can  be  expected  to  contribute  significantly  to  crack  growth  rates 
and  therefore  takes  the  form  [104] 


where  R 


-C.R  ,3  ,,  2 

-  c3  a  °max  S*  «1+1°  > 

a  ,  *  a  -a  .  a  ■  a  +  a 

min  mean  amp'  max  mean  amp 


(7.4) 


and  C^,  are  empirical  constants. 

In  relation  to  NDI  applications,  it  is  usually  less  important  to  know  the  crack 
growth  rate  at  any  point  than  it  is  to  know  the  total  number  of  cycles  until  unstable 
failure  occurs.  Thus  any  of  the  crack  growth  equations  can  be  integrated  numerically  over 
any  desired  crack  size  increment  to  obtain  the  expected  remaining  life.  For  example, 

Eq.  (7.3)  can  be  integrated  directly  under  the  conditions  of  uniform  sinusoidal  loading 
on  an  infinite  plate,  for  n  »  3,  which  gives 


N 


c 


2 

- 5T 

tCj  (1-R)  ‘c 


(7.5) 


where  N  is  the  critical  number  of  cycles  at  instability,  N.  is  the  initial  value,  and  KQ 
is  the  cinitial  value  of  the  stress  intensity  factor.  An  example  of  the  application  of 
these  growth  laws  will  be  discussed  in  Sec.  7.3. 

7.2  Variable  Amplitude  Fatigue  Loading 

Because  the  loads  applied  to  aerospace  structures  are  not  represented  well  by 
constant  amplitude  fatigue  tests,  many  researchers  utilize  more  complex  loading  programs 
for  the  purpose  of  determining  relative  rates  of  growth.  The  most  common  types  of 
variable  amplitude  programs  are  block  or  programmed  loading,  [105],  which  includes  flight 
simulation  programs,  (106,  107],  and  random  loading  programs.  Programmed  loading  is 
usually  obtained  by  varying  certain  parameters  such  as  maximum  or  minimum  loads  in  the 
conventional  fatigue  test.  Random  loading  programs  are  usually  categorized  into  two 
types:  (a)  narrow  band  spectra  in  which  a  random  amplitude  is  imposed  on  a  constant 

frequency  fatigue  test,  and  (b)  wide  band  spectra  in  which  both  the  amplitude  and 
frequency  are  varied  in  a  random  manner.  A  thorough  treatment  of  the  random  loading 
problem  has  been  given  by  Hillberry  [108]. 

Contrary  to  the  situation  for  constant  amplitude  fatigue  loading,  current  proce¬ 
dures  for  analyzing  variable  amplitude  fatigue  tests  do  not  usually  lead  to  laws 
describing  the  increment  of  crack  growth  per  cycle.  Instead  these  theories,  usually 
referred  to  as  fatigue  damage  accumulation  theories,  often  employ  graphical  procedures 
in  their  solution.  The  Palmgren-Miner  rule  is  the  most  widely  known  of  the  fatigue  damage 
accumulation  or  incremental  damage  theories,  [109,  110] .  Falmgren  first  assumed  that 
n.  load  cycles  having  the  same  mean  load  and  load  amplitude  will  consume  a  portion  of 
fatigue  life  equal  to  n./N.  where  N.  is  the  failure  life  in  a  constant  amplitude  fatigue 
test  having  the  same  mean  value  and1amplitude.  Secondly,  he  assumed  that  failure  will 
occur  when  the  sum  of  the  consumed  life  portions  equals  100  percent  or 


Z  nj/Ni  =  1*  (7.6) 

Equation  (7.6)  was  subsequently  refined  by  dividing  the  life  into  a  crack  nucleation 
period  and  a  crack  propagation  period  [111] , 


Z  n[/Nj  =  1  and  I  n?/N7  =  1 


(7.7) 


where  n!  and  n7  are  numbers  of  cycles  spent  in  the  crack  nucleation  and  crack  propagation 
periods^Tespectively ,  while  N!  and  NV  represent  the  corresponding  crack  nucleation  and 
crack  propagation  lives.  The1values1of  N . ,  N!  and  N?  are  obtained  from  S-N  diagrams  of 
standard  constant-amplitude  fatigue  tests. 

The  Palmgren-Miner  rule  is  also  referred  to  as  the  linear  cumulative  damage  rule 
since  it  is  assumed  that  the  damage  in  a  constant  amplitude  test  is  a  linear  function 
of  the  number  of  cycles.  However,  it  has  since  been  shown  that  linearity  was  not 
required  for  Z  n/N  -  1  to  hold,  although  it.  is  necessary  that  the  material  be  insensitive 
to  load  cycle  sequences  which  means  that  interaction  effects  must  be  insignificant.  In 
general,  interaction  effects  are ‘significant  as  will  be  discussed  below. 

The  Palmgren-Miner  rule  has  been  extended  to  random  loading  by  assuming  that  the 
damage  caused  by  each  stress  peak  is  equal  to  the  damage  caused  by  one  cycle  in  a  standard 
fatigue  test  with  the  same  stress  amplitude.'  If  N  is  the  total  number  of  peaks  to 
failure,  the  expected  probability  value  of  the  damage  is 


M 


K  (D)  »  Np  /  $(§}  do  (7.8) 

where  w(o)  in  tha  peak-probabUity  density  function.  Approximating  tha  constant  ampli¬ 
tude  8-N  curve  a*  a  straight  line  on  a  log-log  plot  give* 

N(c)  «  H/ob  (7.9) 

where  b  ia  the  inverse  of  the  elope  end  It  ia a  constant.  Substituting  thia  distribution 
into  Eq,  (7.9)  yields 

yj 

R(8)  »  g&  /  abw(g)do  .  (7,10) 


If  a  Gaussian  distribution  function  ia  used  for  w  in  terms  of  a  normalised  variable  a 
(aero  moan  and  unit  variance),  Bq.  (7.10)  can  be  rewritten  aa 


If  no  damage  is  caused  by  stress  peaks  occurring  below  sero  (in  compression)  and  the  naw 
positive  peak  probability  density  function  is  renormaliaed,  the  expeoted  value  of  tha 
damage  becomes 


R(L» 


r  *bw(#)ds 
o 


(7.12) 


According  to  the  Palmgren-Miner  rule,  failure  should  occur  when  E (o)  ■  1. 

Several  objections  have  been  raised  to  the  Palmgren-Miner  rule  based  on  inter¬ 
action  effects,  sequenae  effects,  damage  due  to  cycles  below  tha  fatigua  limit,  favorable 
effects  of  positive  peak  loads,  eto. ,  all  of  which  can  lead  to  II  n/N  r<  1,  The  favor¬ 
able  effects  of  positive  peak  loads  result  from  the  creation  of  a  sono  of  residual  com¬ 
pressive  stress  at  the  crack  tip.  Several  theories  have  bean  advanced  which  preserve 
the  concept  of  incremental  damage  accumulation  while  characterising  stress  interaction 
effects  by  some  kind  of  adjusted  S-N  curves.  Froudenthal  and  Heller  [112]  started  from 
the  concept  that  damage  Increments  in  a  random  load  tost  are  altered  by  stress  inter¬ 
action  effects,  This  leads  to  a  failure  criterion 

1.  -  1  (7.13) 

i  Ni/U)i 


called  a  "quasi-linear  rule  of  cumulative  damage"  whore  w,  is  either  constant  or  a  simple 
function  of  stress  amplitude  as  determined  from  standard  fatigue  tests.  This  criterion 
implies  the  application  of  the  Palmgren-Miner  rule  to  adjusted  S-N  curves  and,  since  it 
was  assumed  that  >  1,  the  curves  are  roduced  life  curves, 


Corten  and  Dolan  (113)  include  Interaction  effects  by  postulating  that  the 
maximum  load  cycle  in  a  programmed  test  will  be  decisive  for  the  Initial  damage,  since 
it  will  determ*  a  the  number  of  points  at  which  crack  growth  will  start.  After  this 
number  has  been  established,  crack  growth  is  again  assumed  to  be  a  cumulative  proaess 
without  interaction.  For  a  program  test  they  obtain  the  relation 


jvwvi1 


(7.14) 


where  N  Is  the  program  fat.lguo  life,  o  ,  is  the  maximum  stress  amplitude  with  corros- 
ponding^conatant.  amplitude  fatigue  lifean.,  a,  is  the  percentage  of  cycles  applied  at 
o  .  and  d  is  an  experimental  constant.  SInce1at  N,„  ■  n, ,  Eq.  (7.14)  can  be  rewritten 
at1  1  '1  1 


n .  b. 


N, 


al 

’ai 
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)  )  -  1 


(7.15) 


whioh  is  similar  in  form  to  Eq.  (7.13).  Expanding  this  to  random  loading  in  the  same 
manner  aa  before  gives 


E(D) 
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(7.16) 


where  again  It  is  assumed  that  no  damage  is  caused  by  the  peaks  below  zero. 


« gee  Cteck  Grow*:  Rote,  metes  /cyde 


7 .  3  Practical  Applications 

Aa  in  Sec.  6,  two  examples  will  be  discussed,  the  first  of  which  will  be  a  stan¬ 
dard  fracture  mechanics  specimen  and  the  second  will  represent  a  more  typical  aerospace 
component. 

Example  3.  Suppose  that  the  sheet  in  Example  1  is  subjected  to  a  constant  amplitude 
fatigue  stress  with  o  *  138  MN/m  ,  a  .  -  27.6  MN/m*  and  a  through-the-thickness  crack 

of  length  2a  -  2.25  cnrRas  been  discovered.  Predict  what  will  be  the  remaining  life 
of  the  sheet  by  use  of  the  laws 

<«>  “  Cx  (AK)4 


C2 ( AK> ' 


at  three  different  intermediate  crack  lengths  for  the  ev :<i.  - .on  of  growth  rates.  The 
constants  for  these  equations  are  C,  «  2.40  x  10-i  ,  C,  ■  ’  .1  x  10-8,  ,n  -  3.2  for 
7075-T6  with  R  ■  0.2.  Then  use  theJintegrated  form  of^Eq.  (b) 

5  KTo  E  _ 

W.  -  N  ■  - — - y-,.  -  1  -  in  rM) 

0  0  Vjd-RjV  Kio  ho 

to  determine  the  remaining  life.  Assume  that  each  crack  tip  is  growing  at  the  same  rate 
and  recall  from  Example  1  that  the  critical  crack  sise  for  this  problem  is  2a  -  11.35 
cm. 

Solution.  Select  for  the  three  crack  growth  intervals  2.25-5.28,  5.28-8.32,  and  8.32- 
11.35  cm.  For  Eqs.  (a)  and  (b)  it  is  necessary  _o  determine  the  number  of  cycles 
expended  in  growing  the  crack  for  each  of  the  three  intervals,  and  then  sum  to  obtain 
the  estimated  total  life. 


Equation  (a) . 


2.25  <  2a  <  5.28,  a  «  0.0188m 


d  (2a) 

-as— 


»  Aoda  sec  —  1/2  -  110(0. 0188n  sec 
-26.8  MN/m3/2 

-  C1(AK)4  -  2.40  x  10"10  (26 . 8 ) 4 

->  4 

*  1.238  x  10  m/cyc 

-  — 0,0303 — -  245  cycles. 


1.238  x  10  ’ 

5.28  <  2a  <  8.32  a  -  0.034m 


=»  110(0. 034rr  sec  -l-l4-}  =  36.4  MN/m3/2 


d  (2a) 
~dN 


=  Cj (AK) 4  *  2.40  x  10'10(36.4)4  =  4.21  x  lO-4  m/cyc 


0.0304 
4.21  x  10' 


8.32  <  2a  <  11.35  a  »  0.0492m 

1/2 

AK  =  110(0. 0492ir  sec  34g— }  «  44.2  MN/m3/2 

-  C1(AK)4  -  2.40  x  10-10  (44 . 2)  4  »  9.16  x  10~4  m/cyc 

N,  -  -°^0303-J  -  33 

J  9.16  x  10"* 


"total  ■  245  +  72  +  33  ■  350 


Equation  (b) 


2.23  <  2a  <  3.28,  a  -  0.0188m 
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■  6.27  x  10  ?  m/oyo 
0.0303 


-? 

— y  «  483  cycles 


6.27  x  10 

5.28  <  2a  <  8.32,  a  -  0.034m 

-36.4  MN/m3/2 


0.0304 


100 


3.03  x  10 

8.32  <  2a  <  11.33,  a  -  0.0492 


s 


AK 


44.2  MN/m3/’2 


d<2a] 

~SST‘ 


3.61  x  10~8<44.2) 3,2 

■(o':'8"x"iy.'ir-"?4T2' 


1.66  x  lO-3  m/cyo 


N 


3 


0.0303 
1.66  x  10 


18 


NTOTAL  “  483  +  100  +  18  ■  601  cycles. 

Now  the  integrated  form  of  the  equation  will,  be  used  where 
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Nc  -  690  cycles. 

It  is  quite  apparent  that  a  wide  range  of  estimates  for  remaining  cycles  to  failure  are 
obtained  from  these  equations.  However,  since  hoth  Eqs.  (a)  and  (b)  have  been  shown 
to  fit  experimental  results  quite  well,  it  is  necessary  that  the  constants  C.,  C,  and  n 
be  selected  very  carefully  for  the  specific  material  and  component  geometry  of  interest. 
However,  Eq.  (a)  should  not  be  used  for  crack  sizes  near  the  region  of  final  instability 
since  the  assumptions  made  in  its  derivation  do  not  hold  there.  The  integrated  form 
of  Eq.  (b)  is  expected  to  predict  a  different  number  of  cylces  to  failure  since  it  is 
based  on  the  infinite  sheet  model  and  uses  n  *  3  for  the  exponent  of  the  Ak  term.  In 
addition,  the  constant  C2  and  the  value  selected  for  X„  also  affect  the  predicted 
number  of  Cyales  to  failure  and  should  be  carefully  selected  for  the  particular  applica¬ 
tion  of  interest. 


Example  4 .  This  example  is  a  modification  of  an  example  problem  given  by  Wilhelm  [42] 
and  analyzes  a  corner  crack  which  has  developed  at  the  top  surface  of  a  bolt  hole  as 
shown  in  Fig.  7.3.  The  plate  thickness  is  2.5  cm  and  the  material  is  an  alloy  steel  with 
ay  -  689  MN/m2  and  Kjc  -  143  MN/m3/2,  There  exists  a  cyclic  tensile  stress  as  shown  with 
Omv  =  483  MN/m2  and  am>  “  9.6  MN/m2.  A  semicircular  crack  has  developed  to  a  depth  of 
0.75  cm  and  it  is  desired  to  know  how  many  cycles  will  be  required  for  the  crack  to  grow 
through  the  back  thickness.  Also  determine  how  many  cycles  will  be  expended  before  the 
critical  crack  size  is  reached,  assuming  that  the  crack  changes  from  a  semicircular  to 
a  straight  through-the-thickness  crack  after  it  reaches  the  back  surface. 

Solution.  The  first  part  of  the  problem  is  solved  by  determining  the  stress  intensity 
factor  when  the  crack  has  just  penetrated  through  the  plate.  The  crack  length  for  this 
condition  is  a  -  2.5  cm,  and  the  stress  intensity  factor  is  given  by 


V  " 


:  ~T 


where  N.  has  the  value  0.70S  for  m-  ■  1  from  Mg.  7.4.  The  stress  intensity  factor 
than  iaK  90 

Kj  -  0.705  x  483  ✓OIFn 
-  95.4  MN/m3/'2 

Eg.  (7.5)  ia  uaad  to  aatimata  tha  numbar  of  oyolaa  where  it  will  ba  aaaumad  that  tha 
crack  growa  under  plana  atrain  conditiona  and  C.  **  2.1  x  10~*.  Tha  initial  valua  of 
atraaa  intanaity  factor  Kj0  ia  * 

Kl0  «  0.705  x  483  /OfiTSfl 

-  52.3  MN/m3/2 
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■  302  cycles. 

The  atreaa  intensity  factor  for  the  second  part  of  the  problem  can  be  obtained 
from  Fig.  6.4  for  a  through  crack  at  a  hole  where  a  -  2.5  cm  and  r  *  0.63  cm.  The 
stress  intensity  factor  KIq  is,  for  f(*)  ■  0.75, 

KXo  “  o/5*  f<?> 

«  483  x  0.75  /Q.025TT 
-  102  MN/m3/2 

so  that 

N  . . -  . . - j  [tx§  -  1  -  in 

c  ttx2 . 1x10  9  (1-0 . 02) 2  (483)  2  102  102 

••  87  cycles. 

Thus  the  total  expected  life  would  be  about  390  cycles  with  only  87  cycles  remaining 
after  the  crack  progressed  through  to  the  back  side  of  the  component.  Note  also  that 
no  finite  width  correction  was  utilized  in  the  second  part  of  the  problem  so  this 
result  assumes  a  very  large  cross  section  for  the  component. 

8.  SUMMARY 


The  linear  elaetic  fracture  mechanics  approach  to  design  against  fracture  of 
structural  components  is  basically  a  stress  intensity  approach  which  establishes 
criteria  for  fracture  instability  in  the  presence  of  a  orack.  A  basic  assumption  of 
this  approach  is  the  assumed  presence  of  a  crack  or  craok-like  defect  in  the  structure. 
The  method  essentially  relates  the  stress  field  in  the  vicinity  of  the  crack  tip  to 
the  applied  stress  on  the  structure,  the  material  properties,  and  the  defect  size 
necessary  to  cause  unstable  fracture. 

The  elastic  stress  fiold  near  a  crack  tip  can  be  adequately  described  by  a 
single  parameter,  the  stress  intensity  factor  K.  The  analytical  form  of  the  stress 
intensity  factor  depends  upon  the  geometry cf  the  structure  and  the  location  of  the 
crack,  while  the  magnitude  of  K,  determined  from  this  form,  depends  on  the  size 
of  the  flaw  and  the  external  loads  on  the  body.  Once  the  stress  intensity  factor  for 
a  given  structural  geometry  is  known,  the  stress  conditions  in  the  region  of  the  orack 
tip  can  be  established  from  knowledge  of  the  applied  stress  and  the  crack  size.  Frac¬ 
ture  failure  in  the  presence  of  a  crack- like  defect  is  normally  defined  as  rapid  defect 
growth  (crack  propagation)  which  occurs  whenever  the  crack  tip  stresses  exceed  some 
aritical  value.  Since  the  crack-tip  stress  field  can  be  described  in  terms  of  the 
stress  intensity  factor,  a  critical  value  of  K  can  be  used  to  define  the  critical  con¬ 
dition  for  failure,  that  is,  either  K__  or  X.,  depending  on  the  existing  stress  con¬ 
ditions.  10  0 


Because  ot  tha  limited  applicability  of  plane  isothermal  linear  elastic  atraaa 
analyuia  to  any  real  cracked-body  situation,  fracture  mechanics  hns  relied  heavily  on 
experimental  results  in  developing  information  about  the  effects  of  geometry  (sire), 
temperature,  and  strain-rate  on  fracture  toughness  values.  As  a  consequence  of  these 
efforts,  it  is  recognized  that  fracture  toughness  under  conditions  of  plane  scriin, 
i.e.,  K jc ,  remains  independent  of  size  considerations  and  can  accordingly  be  inter¬ 
preted  as  a  fracture  resistance  material  property. 

Nhen  the  critical  stress  intensity  factor  or  fracture  toughness  value  appro¬ 
priate  to  a  given  set  of  service  conditions  (which  include  material  type  and  yield 
strength,  section  thickness,  temperature  and  possibly  load  rate)  has  been  established, 
it  is  then  possible  to  compute  either  the  maximum  allowable  stress  or  flaw  size  which 
can  be  sustained  by  the  structure.  Crack  growth  rates  under  cyclic  loading  conditions 
can  also  be  expressed  in  terms  of  the  stress  intensity  factor,  and  are  now  used  to  des¬ 
cribe  the  growth  of  defects  from  sub-critical  to  critical  sizes.  Information  of  this 
kind  then  can  be  used  to  establish  realistic  maximum  operating  conditions,  quantitative 
material  requirements  and  meaningful  inspection  and  acceptance  criteria. 

Since  the  time  of  Griffith's  research  into  the  fracture  properties  of  glass, 
fracture  has  been  the  subject  of  considerable  investigation,  both  microscopic  as  well 
as  macroscopic.  However  it  was  not  until  the  post  World  War  II  period  that  a  mechanics 
of  fracture  evolved,  providing  with  the  help  of  experiment,  a  basis  for  its  application 
as  an  engineering  methodology.  Although  currently  limited  in  its  range  of  applications, 
fracture  mechanics  offers  materials  engineers  and  designers,  and  especially  those 
involved  with  NDI  techniques,  a  useful  and  effective  tool  for  the  prevention  of  brittle 
fracture  in  structures  utilizing  high  strength  materials.  While  methods  for  effective 
assessment  of  fracture  resistance  of  the  more  ductile  structural  materials  are  not 
firmly  established,  there  appears  to  be  no  significant  reason  why  this  area  of  fracture 
mechanics  cannot  also  be  developed  into  a  successful  engineering  methodology. 
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APPENDICES  TO  CHAPTER  IV 


The  following  appendices  are  included  to  provide  additional  information  on  several 
testing  methods  of  particular  interest  in  the  aircraft  field. 
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Appendix  IV-  1 
RESISTANCE  METHOD 
J .  I .  Bluhm 

If  a  moderately  thin  plate  with  a  through  fatigue  induced  crack,  either  edge  cracked  or  center  cracked, 
is  loaded  so  to  extend  the  crack,  the  fracture  surface  will  in  general  develop  with  a  continuously  varying 
appearance  starting  as  a  macroscopically  flat  fracture  and  gradually  shifting  to  a  gross  shear  mode.  For 
thicker  plates,  the  ultimate  fracture  will  in  general  consist  of  a  mixed  flat  "valley”  or  "shelf"  sand¬ 
wiched  between  two  shear  surfaces.  This  fracture  pattern  depends  also  on  the  specific  material  and 
temperature  of  the  test. 

Figure  1  schematically  displays  the  range  of  typical  fracture  growth  patterns  one  might  obtain  for  a 
given  material  over  a  range  of  temperatures.  Characteristically,  the  onset  of  propagation  starts  in  the 
mid-thickness  region  and  is  generally  a  flat  fracture  mode;  as  propagation  progresses  this  may  or  may  not, 
depending  upon  the  test  temperature,  gradually  shift  either  partially  or  wholly  to  shear  fracture.  If  the 
fracture  path  is  long  enough  (wide  plate)  a  steady  state  pattern  is  eventually  achieved  and  the  crack 
progresses  with  no  further  changes  in  proportions  of  flat  to  shear  fracture.  The  flat  mode  of  fracture 
absorbs  less  energy  per  unit  area  than  the  shear  mode  so  there  is  a  gradual  increase  in  the  resistance  to 
fracture  as  the  crack  progresses,  eventually  achieving  a  steady  state  distribution. 

The  variation  of  this  resistance  with  crack  length  is  now  generally  called  the  "Resistance  Curve," 
and  fracture  prediction  techniques  based  upon  this  resistance  curve  have  been  characterized  as  Resistance 
Methods. 

Attempts  to  determine  the  shape  of  the  resistance  curves  frequently  result,  at  some  critical  load  for 
a  given  crack  size,  in  premature  unstable  or  catastrophic  fracture  and  data  beyond  this  point  cannot  there¬ 
fore  be  obtained.  In  the  historical  development  of  fracture  mechanics,  however,  it  was  precisely  these 
instability  points  which  were  identified  as  characterizing  the  material,  see  e.g.,  Irwin  and  Kies  (1).  In 
one  instance,  common  to  thick  plates,  the  plane  strain  fracture  toughness  was  closely  identified  with  the 
acoustic  emission  known  as  "pop-in"  which  occurred  when  the  init5ci  starter  crack  advanced  spontaneously. 

It  is  nor  so  certain  today  that  pop-in  assures  a  valid  plain  strain  fracture  toughness  value.  However,  it 
is  generally  appreciated  that  a  valid  plane  strain  fracture  toughness  value  is  in  fact  a  material  constant. 
In  another  instance,  more  commonly  noted  in  thin  sheet,  the  instability  was  identified  with  the  plane  stress 
fracture  toughness.  This  value,  labeled  Gc,  is  a  function  of  thickness  and,  in  fact,  of  plate  width  as 
well  and  cannot  be  construed  as  a  material  characteristic. 

In  any  event,  these  "critical"  values  Gjc  and  Gc  are  merely  specific  instability  points  on  the  more 
general  R  curve  and  could  be  noted  as  Rjc  and  Rc.  Again  note  that  the  instability  associated  with  Gjc  is 
generally  uniquely  located  on  the  G  -  a  plane,  whereas  that  associated  with  Gc  is  not. 

In  the  early  years  of  fracture  mechanics,  emphasis  was  principally  directed  toward  low  toughness,  high 
strength,  bulky  materials  and  the  interest  lay  principally  in  determining  and  understanding  plane  strain 
fracture  criteria.  Continued  growth  of  interest  has  developed  with  respect  to  the  plane  stress  situation 
corresponding  to  the  phenomenon  generally  encountered  in  thin  sheet  such  as  aircraft  skins,  etc.  Addition- 
ally,  the  advent  of  large  thick  wall  vessels  of  intermediate  and  high  toughness  for  reactor  components  nas 
led  to  a  thrust  toward  a  more  in-depth  understanding  of  fracture  mechanics,  no  longer  limited  by  the 
analytical  method  of  linear  elastic  fracture  mechanics. 

The  resistance  method  provides  some  of  the  basic  material  characterization  necessary  for  this  vital 
task.  The  role  of  strain-rate  on  the  resistance  curve  still  remains  a  gap  to  be  filled  as  does  the  prob¬ 
lem  of  translation  from  plate  type  specimens  (from  which  all  R  curves  are  obtained)  to  other  configurations. 
Nevertheless,  in  conjunction  with  appropriate  structural  analysis  it  promises  to  provide  a  universal  tool 
for  assuring  structural  integrity  of  critical  elements  and  for  implementing  adequate  fail-safe  design 
criteria. 

Curve  R  of  Fig.  2,  originating  at  the  initial  dimensionless  crack  length  a0/w,  schematically  portrays 
this  changing  unit  resistance  to  fracture  (i.e.,  in  terms  of  energy  per  unit  fracture  area)  as  a  function 
of  crack  extension  normalized  with  respect  to  plate  width  W.  This  R  curve  characterizes  the  material  for 
the  given  thickness  and  temperature  of  test.  However,  the  behavior  of  a  cracked  specimen  under  load 
depends  not  only  on  this  resistance  curve  hut  also  upon  the  rate,  with  respect  to  crack  length,  at  which 
stored  elastic  strain  energy  is  released  during  crack  propagation.  These  are  the  "G"  (elastic  strain 
energy  release  rate)  curves  in  Fig.  2  which  characterize  the  structures  as  distinct  from  the  material. 

The  problem  of  the  designer  is  to  integral.”  these  material  characteristics  and  the  structural  characteris¬ 
tics  as  reflected  by  these  R  and  G  curves  and  assure  a  fail-safe  structure. 

These  G  curves  can  be  determined  either  experimentally  or  analytically.  Stable  or  catastrophic 
fracture  depends,  as  we  will  see,  upon  the  relative  shapes  of  these  R  and  G  curves.  The  level  of  the 
energy  release  rate  is  a  function  of  the  load.  When  the  load  is  raised  to  a  level  such  that  the  release 
rate  (energy  available  for  propagation)  just  exceeds,  for  the  given  crack  size,  the  resistance  rate  (energy 
HfLu-i.r.erd-  for  propagation),  then,  according  to  linear  elastfc  fracture  mechanics  criteria,  propagation  can 
proceed  spontaneously;  the  various  G  curves  (Fig.  2)  are  particular  members  of  a  family  of  G  curves  for 
specific  values  of  applied  load.  It  is  apparent  that  propagation  does  not  take  place  until  the  load  in 
the  specimen  reaches  a  value,  such  that  the  corresponding  G  curve  goes  through  the  point  0,  corresponding 
to  the  initial  crack  length  a0.  As  this  load  is  exceeded,  the  available  energy,  r  hucomes  greater  than 
that  required  for  propagation,  R,  and  the  crack  extends.  In  the  particular  case  illustrated  in  Fig.  2 
the  growth  which  occurs  at  point  0  will  be  spontaneous  and  rapid  and  often  even  accompanied  by  an  audible 
"pop";  subsequently  the  crack  will  come  to  rest  at  the  point  A,.  This  pop  or  pop-in  behavior  is  attribut¬ 
able  to  the  peculiar  shape  of  the  P,  curve  shown,  particularly  its  low  slope  at  the  onset  of  fracture 


corresponding  to  the  "thumbnail"  flat  fracture  vlilble  In  Fig.  1.  Thla  pop-in  phenomena,  in  conjunction 
with  the  appropriate  relation*  between  toad,  crack  length  and  energy  releaie  rate  function*,  ha*  been  u*ed 
a*  a  iiean*  of  determining  the  minimi*  poiiibte  value  of  propagation  reiistance  toughne**,  even  in  a  thin 
ipeclmen  where  the  (hear  fracture  mode  predominate*  and  tends  to  obscure  this  minimum  value.  This  minimum 
toughne**  has  been  called  the  plane  strain  fracture  toughness,  G ic ,  and,  as  stated  earlier,  is  considered 
to  be -characteristic  of  the  material  (and  temperature)  end  Independent  of  specimen  geometry. 

The  extent  of  pop-ln  instability  ard  It*  aigniflcance  is  dependent  on  the  relative  shapes  of  the 
resistance,  It,  and  energy  release  rate,  C,  curve*.  The  pop-ln  may,  in  fact,  he  completely  suppressed  - 
intentionally  -  by  control  of  (a)  the  nature  of  the  loading  after  the  critical  load  it  reached  and/or  (b) 
the  specimen  configuration. 

Two  extremes  of  loading  condition*  are  frequently  considered;  one  corresponding  to  a  very  "soft" 
system  equivalent  to  constant  loading;  the  other,  corresponding  to  a  "hard"  system  equivalent  to  constant 
deflection  "loading."  The  existence  of  unstable  growth,  such  as  pop-in  phenomena  or,  contrariwise,  the 
slow  steady  growth  of  a  crack,  is  highly  dependent  on  which  of  these  types  of  loading  condition  prevails. 
Weiss,  Grewal ,  Rosenberg,  and  Lin  (2)  have  discussed  this  in  tome  detail.  Thi*  effect  will  be  discussed 
further  in  this  section. 

Figures  3  and  4  illustrate  an  important  difference  in  behavior  for  the  single  edge  notch  and  the  three 
point  notch  bend  specimens.  In  both  cates  the  constant  load  curve  behaves  in  the  same  fashion  as  the 
tension  sheet,  l.e.,  with  a  monotonlcal ly  rising  C  vs  a  curve,  but  the  constant  def lection  curvet  shown 
display  negative  slopes  in  all  instances  except  for  the  shorter  critical  cracks  of  the  tingle  edge  notch 
specimens.  This  negative  slope  facilitates  controlled  stable  growth  even  in  those  materials  which  would 
otherwise  tend  to  fracture  spontaneously  (Bluhm  3)  and  permits  multiple  fracture  toughness  measurements 
to  be  made  on  a  single  specimen  even  in  rate  sensitive  materials.  Such  procedures  have  indeed  been 
exploited  by  Bluhm,  Cordon,  and  Morrissey  (4)  in  double  cantilevered  specimens  which  can  be  designed  to 
exaggerate  this  negative  slope. 

Clausing  (5)  has  analyzed,  in  detail,  the  criteria  for  stable  crack  growth  for  a  variety  of  specimens 
for  both  load  controlled  and/or  displacement  controlled  systems.  He  relates  the  stability  in  a  displace¬ 
ment  controlled  specimen  to  the  relation 

da  fl  *** A >  1/2 

as  •  -azr - 
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where 

fj  ■  -  (dimensionless  parameter)  t 

fj  •  |  (dimensionless  parameter) 

fj  •  (dimensionless  parameter) 

and 

Ga  ■  the  elastic  energy  release  rate  (available  energy) 

T  r  a  dimensionless  geometrical  parameter  after  e.g.  Srawley  and  Cross  (6) 

E  ■  Young's  aodulus 
I  •  the  thickness  of  the  specimen 

W  ■  the  width  of  the  specimen 

A  >-  the  cosipliance 

a  •  th£  crack  length 

A  ■  the  displacement 

M  ■  the  factor  1,  (1  -  *J)  or  (l  «  »2)  depending  upon  the  fracture  mode  and  stress  state. 

Clausing  attributes  the  stability  of  the  creek  growth  to  negative  values  of  (fg  -  f j) .  Figure  5  shows 
the  relative  shapes  of  the  (fg  -  fj)  vs  a/w  curves  foi  various  types  oi  high  compliance  specimens.  The 
effect  of  low  compliance  is  also  shown  for  the  straight  double  cantilever  beam  specimen. 
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analysis.  Rale  sensitivity  would  require  more  severe  constraints  to  assure  stable  growth.  Bluhm  et  al  (4) 
have  attempted  to  account  for  this  by  providing  specimen  configurations  with  a  relatively  high  negative 
dCA/da. 
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Depending  upon  tht  material  and  thickness,  etc.,  the  Initial  flat  "thumbnail"  fracture  may  be 
sufficiently  auppresaed  ao  that  a  util  defined  pop-in  i»  not  obterved  even  in  otherwise  well  behaved 
tenaile  sheet  specimens.  Nevertheless,  considering  again  the  type  of  resistance,  R,  and  energy  release 
rate,  C,  curves  shown  In  Fig.  2,  note  that  the  spontaneous  "Pop-in"  extends  the  crack  from  "0"  to  "A". 

Note  further  that  as  the  load  is  continuously  increased  beyond  this  so-called  pop-in  load,  the  crack  con¬ 
tinues  to  grow,  now  more  slowly,  along  the  path  "AR"  until  finally,  at  a  load  corresponding  to  the  upper- 

eost  curve  where  the  Cg  and  Gg  curvet  are  tangent  to  each  other,  the  crack  again  propagates  spontaneously 
without  further  arrest. 


kith  this  specimen,  load  configuration  and  material  resistance  (R)  curve  illustrated,  one  obviously, 
could  not  actually  determine  the  resistance  curve;  since  the  system  does  exhibit  the  instability  points  at 
0  and  B.  Such  a  test  cojld,  however,  provide  the  unique  and  characteristic  plane-strain  fracture  tough¬ 
ness,  G|c,  correspinding  to  th  point  0  and  a  non-unique,  non-characteristic  "mixed  mode"  toughress,  Cc, 
corresponding  to  the  point  B. 


This  mixed  mode  fractu 
plane  strain  value,  C(_,  1 
the  width  an-!  the  thickne- 
though  tnc  R  curve  is  in< 
tangent  point  common  to 
toughness,  Cc*,  should 
predicted  effect  of  wi 
relationship  for  the 


ness,  Gc,  determined  by  the  instability  condition  in  contrast  to  the 
ferial  characteristic.  It  is  recognized  as  being  dependent  upon  both 
'cimen.  This  width  dependence  is  readily  rationalized  as  follows; 
dth  (for  rate  insensi.ive  materials)  the  G  curve  Is  not  and  the 
•he  Instability  point  corresponding  to  the  apparent  fracture 
pected  to  vary  with  width.  Figure  6,  after  Bluhm  (7),  shows  the 
.•rent  Gc  based  upon  a  simple  approximate  but  reasonable  analytical 
urve  defined  as  follows; 


'  a-a  \1 
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where  ig  and  a  are  the  Initial  and  instantaneous  half  crack  lengths  and  k  Is  a  constant  dictating  the 
crack  extension  required  for  the  steady  state  fracture  mode  to  become  essentially  established. 

It  Is  noted  that  we  have  defined  R  in  terms  of  energy  absorption  rate,  as  has  been  the  custom 
generally.  More  rece..lly  some  investigators.  Clausing  (5)  and  lleyer  and  McCabe  (8),  have  chosen  to  define 
R  in  terms  of  paralleling  stress  intensity,  i.e.,  ksi-/ in.  Conversion  is  achieved  via  relations  of  the 
form 


CE  •  K2  (plane  stress) 

GC  •  (l-v2)*2  (plane  strain) 

In  this  form  K  exhibits  some  ambiguity  because  of  its  dependence  on  the  stress  state  whereas  if  conventional 
energy/unit  area  is  used,  as  for  8,  this  value  is  independent  (analytically)  of  which  stress  state  is  pre¬ 
sumed  to  exist,  lleyer  and  McCabe  (8)  have  reported  Irwin's  suggestion  of  an  integrated  set  of  nomenclature 
to  distinguish  regions  of  the  "R"  curve  as  follows: 

C.  (or  K.  )  *  Plane  Strain  Fracture  Toughness  -  Associated  with  an  instability  point,  i.e., 

,c  ,c  point  0  in  Fig.  2. 

G  (or  K  )  -  Plane  Stress  (Mixed  Mode)  Fracture  Toughness  -  Associated  with  an  instability 

c  c  point,  i.e.,  point  B  in  Fig.  2. 

C.  (or  K.)  -  General  Resistance  -  Associated  with  any  point  on  the  resistance  curve  -  not 

necessarily  an  instability  point. 

Since  the  resistance  curves  for  a  plate  do  In  general  tend  to  approach  a  stable  level,  independent  of 
crack  growth,  provided  the  plate  is  adequately  wide,  it  is  suggested  that  the  symbol  Gg  (or  Kg)  should  be 
reserved  for  this  steady  state  level  which  is  in  ;'act  characteristic  of  the  i..:teriai  (for  a  given  thickness) 
and  that  the  instability  point  should  be  associated  with  Gc*  (or  Kg*).  These  various  regions  (points) 
are  shown  in  Fig.  2.  This  notation  is  that  used  in  Fig.  6. 

The  significance  of  the  distinction  of  these  terms  will  be  expanded  upon  in  the  remaining  text. 

Clausing  (S)  has  used  the  notation  Gg  for  the  applied  (or  available)  Elastic  Energy  Release  Rate. 

Thus,  adding  this  to  the  list  we  have 

G.  (or  It.)  -  General  Elastic  Energy  Release  Rate  associated  with  any  point  of  the  curve  formerly 
A  identified  as  the  G  curve. 


♦ 

> 


*Ne  have  here  escribed  to  »he  symbol  Gc  the  actual  value  of  the  fracture  toughness  corresponding  to  steady 
state  shear  lip  development  consistent  with  the  thlikress. 
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General  Remtanve  Ansovtated  with  any  paint  on  R  nurve 
ReaUtenv*  Aaaaslated  with  Rt««t)y  State  level  of  Shear  Hevelopment 
Realetanve  Aaauvlnted  with  Mixed  or  Plane  Streaa  Fracture  Mode  and  Instability  Point 
Hesiatanee  Aaaov lated  with  Plane  Strain  Praetor#  and  Instability  Point. 


Recall  how  wo  describe  the  resistance  curve  by  flq,  !>  The  tenoral  shape  of  that  curve  was  described 
hy  Irwin  and  Kies  (PI  and  Kraft,  Sullivan  and  Hoyle  (10)  and  is  shown  In  Pit,  7  with  several  <’<*  curves  'q 
illustrate  the  transition  fore  slow  to  rapid  crack  growth. 

A  more  general  representation  of  the  resistance  curve,  taking  into  account,  at  least  qualitatively, 
both  the  initial  flat  fracture  and  tho  ultimate  shear  or  mixed  fracture  (per  Pig.  >)  is  suggested  aa 
follows; 


It  can  readily  he  verified  that  this  peneits  the  smooth  transition  from  C]c  (flat  fracture)  to  the  steady 
state  (mixed)  mode  Gc  and  qualitatively  suggests  the  R  curve  shown  in  Pig,  '2. 

it  is  further  noted  that  this  form  for  the  resistance  curve  leads  to  prediction  of  the  observed  pop* 
in  phenomena  and  of  tho  width  effect  in  unstable  crack  growth  corresponding  to  Gc* , 


Clausing  (5)  has  proposed  a  simple  alternate  form  given  by 
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where  t  ia  the  thickness  and  GRC  is  the  volume  of  GR  at  which  the  crack  starts  to  propagate.  The  shape  of 
the  curve  in  also  shown  in  Fig.  7,  Note  the  nonsero  intercept  st  A  »  A0,  It  is  now  clear  that  this 
latter  form  can  reasonably  predict  the  occurrence  of  pop-ln. 


Goode  and  Judy  (11)  have  suggested  that  "unstable  fracture  in  the  brittle  mode  is  not  possible  for 
rising  G„  curves."  However,  it  should  be  evident  from  the  present  discussion  that  stability  or  instability 
is  the  result  of  the  interplsy  between  the  R  curve  and  the  G  curve.  Figure  2,  for  example,  shows 
schematically  such  an  interplay  which  does  Indeed  suggest  a  potential  instnblllty  -  even  for  rising  GR 
curves. 


The  interplay  between  the  curvos  of  energy  rate  required  for  propagttion,  GR  and  the  energy  rate 
available  for  propagation,  G,  leads  to  a  variety  of  possible  responses  ranging  from  slow  crack  extension 
to  unstable  catastrophic  propagation.  Intermediate  phenomena  include  combinations  of  slow  growth,  pop-ln, 
and  catastrophic  growth.  The  particular  behavior  which  actually  takes  place  is  highly  dependent  upon 
the  overall  system  flexibility  which  dictates  propagation  under  constant  load  on  one  extreme,  and  propa¬ 
gation  under  constant  deflection  on  the  other  extreme.  The  discussion  iimediately  following  is  taken  from 
Biuhm  (12). 

Consider  the  curves  initially  proposed  by  Irwin  and  Kies  (9)  and  Kraft,  et  al  (10)  and  shown  in 
Pig.  7.  Two  points  are  worth  noting.  Pirst,  as  the  load  is  gradually  increased,  thus  increasing  the 
elevation  of  the  GA  curve,  propagation  of  the  crack  takes  place  under  slow  equilibrium  conditions. 

This  propagation  begins  upon  the  application  of  an  infinitesimal  load,  as  long  as  the  resistance  curve, 

GR,  originates  at  a  zero  level  and  is  not  vertical  at  the  initial  crack  length,  aQ,  since,  even  for 
infinitesimal  load  under  these  conditions,  the  energy  release  rate,  GA,  is  greater  than  the  resistance, 

Gr.  This  prediction  of  crack  extension  under  infinitesimal  load  is  contrary  to  observation.  Pursuing 
the  Irwin-Kraft  model  of  Pig.  7  further,  note  that  as  the  load  is  increased,  the  crack  continues  to 
spread  under  equilibrium  conditions  until  the  load  is  such  that  the  GA  curve  corresponding  to  the 
increased  load  is  just  tangent  to  the  Gr  curve,  at  point  P.  At  this  point,  the  c^ack  becomes  unstable 
and  grows  rapidly.  This  "typical"  GR  curve  does  not  reflect  the  frequent  observation  where  the  initial 
cracking  is  the  plane  strain  "thumbnail  pop- in,"  mentioned  earlier. 

Taking  these  discrepancies  into  account,  Biuhm  (13)  has  suggested  the  GR  curve  as  shown  in  Fig.  8. 

(See  also  Eq.  2.)  Here  the  horizontal  (or  near  horizontal)  segment  of  the  GR  curve,  at  small  values 
of  crack  length  or  tension,  i3  associated  with  the  thumbnail  plane  strain  fracture  and  (except  for  possible 
rate  effects)  is  insensitive  to  crack  length.  When  the  load  is  raised  to  the  point  where  the  corresponding 
GA  curve  (identified  as  GA  (pop-in)]  Intercepts  the  origin  of  the  GR  curve  as  P,  then  the  crack 
advances  under  constant  load  in  a  burst  and  comes  to  rest  at  point  A.  Subsequently,  on  continued  loading, 


flow  growth  takes  place  from  point  A  to  point  F  where  rapid  rupture  finally  occurs  at  a  load  corresponding 
to  the  (pop-thru)  curve.  This  instability  is  usually  associated  with  the  Gc  value.  At  larger  values 
of  crack  extension,  one  would  expect  the  Gg  curve  to  level  off  at  a  Gr  value  representative  of  the  material 
(and  the  thickness)  tested.  The  transition  from  the  G|c  level  to  the  Gc  level  is  thought  to  be  associated 
with  the  transient  growth  of  the  shear  lips  in  accordance  with  the  sketch  of  fig.  9. 

A  pre-nachined  but  inadequately  sharp  "crack"  nay  first  extend  through  a  minute  region  of  restricted 
local  plastic  flow  before  it  forms  into  a  crack  sharp  enough  to  initiate  the  flat  plane  strain  fracture 
normally  observed  and  customarily  identified  as  the  "thumbnail"  fracture.*  This  eventual  plane  strain 
fracture  front  progresses  most  rapidly  in  the  plane  of  the  machined  crack  and  in  a  direction  normal  to  the 
initially  straight  front  at  the  thickness  centerline  and  tends  to  lag  behind  near  the  free  lateral  surfaces. 
As  the  flat  fracture  approaches  these  stress-free  lateral  surfaces,  the  failure  transforms  to  a  shear  mode 
of  failure  forming  the  normal  shear  lips.  As  the  crack  extends,  the  incremental  growth  process  stabilizes 
to  a  steady  state  situation  where  the  relative  shear  lip  and  flat  fracture  proportions  of  the  fracture 
surfaces  remain  essentially  constant.  This  latter  process  is  the  one  illustrated  in  fig.  9.  In  the  special 
case  of  a  minute  plastic  /one  at  the  crack  lip  Hie  corresponding  resistance  curve  might  be  visualized  in  a  general  manner  as 
shown  in  figure  10.  Mere  the  shod  ductile  initiation  region  is  followed  hy  the  usual  llal  fracture  illiumbnaiil.  the  iransihon 
range  where  the  shear  lips  star!  to  form.  and.  finally,  the  steady  state  propagation  region. 


It  is  worth  noting  that  though  the  shape  of  the  Cg  curve  of  Fif.  10  could  readily  lead,  in  conjunction 
with  a  G^  curve  shown,  to  e  well  defined  "pop-in",  the  resulting  toughness  value  calculated  using  the 
pop-ln  load  would  be  a  fictitiously  high  one  corresponding  to  the  level  "O"  rather  than  the  level  "L". 

Figure  11  shows  an  alternate  Gg  curve  which  would,  tn  principle,  also  lead  to  erroneous  values  of  Gjc  if 
based  upon  the  usual  instability  criteria. 

For  the  situation  sketched  in  Fig.  10,  ■  valid  determination  of  Gjc,  particularly  if  the  material 
being  tested  is  not  rate  sensitive,  can,  nevertheless,  be  obtained  by  use  of  modified  specimens  having  a 
highly  negative  CA  vs  a  slope.  Such  a  configured  specimen  leads  to  a  highly  stable  crack  growth  condition, 
at  least  after  the  initial  pop-ln.  The  subsequent  propagation  energy  rate  can  then  be  identified  as  Gjc 
corresponding  to  the  level  L  (in  Fig.  10  or  11). 

One  additional  comment  on  the  G.  curve  is  in  order.  It  has  been  presumed  that  the  curve  Is  in¬ 
dependent  of  fracture  modes,  i.e  flat  fracture  vs  shear  fracture.  This  is  probably  not  so  -  on  an  exact 
basia.  Me  have  noted  that  the  .opagation  mode  actually  changes  as  shown  in  Fig.  9;  the  Gg  curve  might  be 
modified  to  reflect  this  change,  though  tl.e  correction  is  not  expected  to  be  significant.  Figure  12  shows 
schematically  two  such  curves,  one  fot  flat  fracture  (corresponding  to  Gjc)  and  one  for  mixed  fracture, 
i.e.,  flat  center  region  plus  shear  lip  corresponding  to  Gc**.  The  transitional  behavior  associated  with 
the  change  from  flat  to  mixed  fracture  is  suggested  by  the  dotted  line. 

In  the  foregoing  discussion  it  has  been  assuared  that  in  the  course  of  crack  propagation,  the  gross 
stress  or  load  remained  constant.  For  very  long  specimens,  or  "soft"  testing  machines,  such  a  condit'on 
may  be  approached.  However,  in  most  instances  it  is  highly  unlikely  that  such  an  extreme  degree  of 
"softness"  will  be  encountered;  furthermore,  with  the  economic  motivation  to  cut  specimen  size  to  a  minimum, 
specimens  are  not  apt  to  be  very  long  or  "soft".  In  the  following  analysis  [see  also  Meiss  et  al  2]  there¬ 
fore,  we  have  considered,  as  the  alternative  extreme  condition,  the  situation  in  which  crack  propagation 
occurs  under  a  constant  deflection  boundary  condition.  In  any  real  test,  the  load  conditions  will  probably 
be  intermediate  between  the  constant  load  and  the  constant  deflection  condition. 

Deflnlag  the  compliance,  c,  ia  tens  of  the  deflection,  6,  load,  p,  and  thickness,  t,  as  follows 

*  *  iTt  (4) 


one  can  write  immediately,  for  the  elaatic  energy  release  rate  G,  the  relation 
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normal  for  this  material.  In  this  case  the  failure  is  by  plane  stress  rather  than  plane  strain  fracture. 

*•  Gc  is  commonly  identified  with  fractures  which  are  not  loot  flat,  i.e.,  they  contain  contributions  of 
both  flat  and  shear  fracture. 


«h«re  •  1»  the  crick  length.  Fro*  this  relitton  one  cen  express  the  crlticil  load,  p0,  it  wiun,  •«»  . 
given  fricture  toughness,  C0,  the  crick  stirts  to  propagate*;  thus  we  obtain 
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(6) 


where  i0  is  the  crick  length  it  initiation. 

If  now,  after  propagation  has  started,  one  assumes  a  quasi-static  quasi-equilibrium  condition  with 
fixed  end  deflection,  one  can  obtain  the  following  relation  between  the  instantaneous  load,  p,  and  the 
compl iance 
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which  merely  imposes  the  initial  assumption  that  the  deflection,  A,  is  a  constant  during  the  fracturing 
process  (and  hence  equal  to  the  deflection  at  the  onset  of  fracturing).  Substituting  this  and  Eq.  6  into 
Eq.  S,  we  obtain 
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Figures  J  and  4  show  the  relative  shapes  of  the  Energy  Release  Rate  curve  G  for  both  constant  load  deflection 
conditions. 

It  is  obvious  that,  if  instabilities  occur  in  a  test  aimed  at  determining  the  Gg  curve,  the  test  effort 
is  frustrated.  The  Cg  curve  would  be  determinable  only  to  crack  lengths  up  to  the  instability  point. 

Negative  slopes  of  the  Gp  vs  a  curve  tend  to  suppress  this  instability.  Bluhm  (3,4)  has  suggested  that,  by 
special  specimen  design,  Gg  curves  of  the  type  shown  in  Fig.  IS,  tending  to  exaggerate  this  negative  slope, 
can  be  achieved. 

Both  the  specimen  contour  and  the  loading  configuration  (const  load  -  vs.  const  deflection)  can  be 
controlled  to  achieve  this  goal.  Clausing  (5)  has  analyzed  crack  line  loaded  specimens  and  showed  conditions 
under  which  they  are  stable.  He  concludes  that,  for  a  "hard  test"  system,  stability  of  crack  growth  in 
such  specimens  Is  insured  over  the  entire  range  of  crack  extension. 

Systems  used  successfully  in  this  and/or  similar  ways,  even  for  brittle  materials,  have  been  described 
by  Bluhm  et  al  (4),  and  Heyer  and  McCabe  (8,15). 

Heyer  and  McCabe  have  championed  the  use  of  R  curve  determinations  for  characterization  of  materials, 
and  pointing  out  that  such  a  representation  would  be  applicable  across  the  spectrum  of  brittle  and  tough 
materials. 

From  the  prior  discussion  it  is  apparent  that,  since  the  resistance  curve  reflects  io  a  great  extent 
the  transition  from  flat  to  shear  mode  of  fracture  (and  the  relative  properties  of  these  modes),  the  thick¬ 
ness  may  have  an  important  role  in  shaping  this  resistance  curve. 

There  is  considerable  evidence  in  the  literature  which  shows  that  the  tendency  toward  brittle  behavior  in 
plates  is  exaggerated  as  the  thickness  increases.  Thin  specimens  tend  to  fail  in  a  ductile  node  and  at  net 
stresses  generally  above  the  yield  strength,  whereas  thick  specimens  show  marked  tendencies  toward  brittle¬ 
ness  and  low  stress  failure.  In  terms  of  crack  propagation  resistance  or  fracture  toughness,  typical 
results  are  given  in  Fig.  14.  Note  that  in  the  thin  section  the  fracture  is  exclusively  shear,  and  has 
been  identified  with  "plane  stress"  fracture.  Beyond  a  critical  value  of  thickness,  the  fracture  takes  on 
a  dual  appearance  -  part  shear  and  part  flat.  For  very  thick  plates,  the  fracture  toughness  approaches  a 
value  dictated  by  a  plane  strain  state  near  the  crack  tip.  This  value  is  the  plane  strain  fracture  tough¬ 
ness,  G|c,  frequently  associated  with  "pop-in"  and  is  the  controlling  toughness  parameter  in  low  stress 
failure. 

It  appears  that  the  shear  lips  which  constitute  final  shear  failure  tend  toward  a  maximum  size  in¬ 
dependent  of  the  specimen  size  and  depend  only  on  material  and  temperature.  This  concept  of  a  constant 
shear  lip  size  is  consistent  with  a  plastic  zone  size  governed  by  yield  stiength  and  fracture  toughness. 


Here  G„  is  the  fracture  toughness  corresponding  to  the  Initial  mode  of  crack  propagation;  generally, 
it  will  be  equivalent  to  the  plane  strain  toughness,  C|c  ■ 


From  fractur#  mechanic*  relationship*  (24),  the  dimcn»ionle*»  plastic  tone  tite  fn/t  given  by  the  aquation, 
Irwin  (16) i 
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this  d Imonsionl ess  plastic  tone  site  can  be  expressed  in  the  form 


rp/t  *  /!/2» 

There  Is  a  considerable  body  of  data  which  supports  the  contention  that  the  trsnsition  from  flat  to 
full  shear  fracture  is  closely  related  to  this  plastic  tone  site.  Figure  IS  shows  a  collection  of  data 
based  upon  a  variety  of  heat  treatments  and  thicknesses  of  high  strength  steels  and  titanium  alloys. 

Based  upon  these  data,  it  is  reasonable  to  conclude  that  fracture  is  predominantly  of  a  shear  mode,  pro¬ 
vided  |l  s  ?.ir,  l.o.i  if  the  plastic  tone  is  at  least  ns  great  as  the  thickness  of  the  plate.  On  the  other 
hand,  in~u  thicker  plate  '.smaller  ratio  of  plastic  tone  site  to  thickness)  flat  fracture  error  starts  to 
appear. 

The  concept  of  a  characteristic  shear  lip  thickness  dependent,  for  a  given  material,  essentially  only 
upon  temperature  of  tost,  leads  to  u  simple  model  which  predicts,  at  least  qualitatively,  thickness  effects 
and  observed  transitional  bohavior.  Figure  16,  after  Bluhm  (1?)  shows  schematically  the  consequonce  of  the 
critical  tlucknoss  concept  on  u  series  of  notched  specimens  of  dlfforont  thicknossos  tested  at  various 
tomporaturos.  Keeping  in  mind  the  fact  that  the  shear  lip  mode  of  fracture  is  volume  controlled  and 
reflects  a  higher  toughness  lovol  than  the  flat  fracture  mode,  It  is  evident  that  the  variation  in  tough¬ 
ness  shown  in  Fig.  16,  at  a  given  temperature,  is  consistent  with  Fig.  14.  Furthermore,  for  a  given 
thicknoss,  this  model  anticipates  the  transitional  behavior  normally  ohsorvod  with  changes  in  temperature 
and  sketched  in  Fig.  17, 


The  gonerai  critical  shear  lip  concept,  in  conjunction  with  characteristic  toughness  values  identified 
with  each  mode  of  fracturo,  permits  a  simple  correlation  of  different  sire  specimens,  such  as  the  Churpy 
V-notch  (Cy)  and  Drop  Weight  Tear  Test  (DWH)  test  specimens,  for  example.  In  particular,  in  Fig.  18,  a 
comparison  is  shown  of  the  total  energy  absorbed  in  these  two  specimens  when  tested  at  temperatures  such 
that  fracturo  in  both  was  by  full  development  of  the  shear  Up.  In  the  Resistance  curve  concept  this 
would  correspond  to  the  upper  shelf  value  of  the  Or  value  is  Gc.  The  predicted  result  in  the  case  of 
100%  shear  fracture  is  based  on  the  relation. 
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where  F,  L,  and  t  correspond  to  the  total  energy,  length  of  the  fracture  path,  and  thickness  of  the  speci¬ 
men.  The  excellent  correlation  between  practice  and  theory  is  evident  in  Fig.  18  where  the  data  of 
Pellini  (18)  is  plotted  against  the  prediction  provided  by  the  above  relation. 


More  generally,  one  can  -  at  least  semi-quantitatively  -  correlate  the  energy  absorbed  between  any  two 
specimens  tested  at  the  same  temperature,  by  using  the  simple  hypothesis  that  the  shear  lip  thickness  tends 
toward  a  constant  value  determined  by  the  temperature,  and  by  weighing  the  various  modes  of  fracture  in 
proportion  to  their  relative  toughness  and  areas,  A  more  exacting  correlation  can  be  effected  by  recognis¬ 
ing  the  characteristic  variations  of  the  Gr  curve  with  crack  extension.  It  is  this  potential  for  providing 
predictive  failure  criterion,  even  in  the  plane  strain  region,  that  makes  the  resistance  method  of  such 
interest  to  the  engineering  community. 
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Fig.  1 2  Influence  of  fracture  mode  dupe  on 
elastic  energy  release  rate 
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Fig.  13  Evaluation  of  G(c  using  negative  G  -  a  slope 
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Fig.  1 4  Thickness  effect  on  fracture  toughness 
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Fig.  1 5  Effect  of  plastic  zone  size  on  percent  shear  (after  Irwin14) 
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Fill  6  Schematic  ahowing  effect  of  temperature  and  thickncu  on  fracture  mode 
In  notched  plater  (after  Bluhm1’) 
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Fig. 1 7  Schematic  diagram  of  tranaition  behavior  u  a  function  of  thickness  (after  Bluhm17) 


Fig.  1 8  Correlation  between  drop  weight  tear  teat  and  the  Cha/py  V -notch  specimen 
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Appendix  IV- 2 
THE  XUHN-HARDRATH  METHOD 
J~.  TI  Bluhm 

The  exploitation  of  the  Griffith  approach  to  the  fracture  problem  has  been  directed,  for  the  most 
part,  to  the  prediction  of  fracture  -  particularly  brittle  fracture  in  relatively  large  parts,  i.e.,  where 
plane  strain  fracture  was  the  mode  of  failure  usually  noted.  It  was  and  is  recognised,  of  course,  that 
regimes  of  structural  configurations  exist  and  are  in  common  usage  where  such  a  constraint  is  not  applic¬ 
able.  Thin  sheet  construction,  as  utilized  in  modern  aircraft  and  missile  technology,  represents  glaring 
examples  of  such  applications.  Concurrent  with  the  early  Irwinian  development  of  linear  elastic  fracture 
mechanics,  of  the  NACA  group  (1-7)  approached  the  failure  problem  for  a  somewhat  more  pragmatic  point  of 
view,  which  encompassed  the  regime  of  thin  sheet  failure,  i.e.,  the  plane  stress  mode.  An  excellent 
resume  of  this  apprr^'h,  which  we  identify  as  the  Kuhn-Hardrath  (K-H)  approach,  is  provided  by  Kuhn  (1); 
the  immediately  following  discussion  highlights  details  of  that  paper. 

As  in  the  Irwin  approach,  but  more  explicitly,  the  posed  problem  is  to  determine  the  residual 
strength  of  a  structural  element  which  contains  a  "damaged"  region.  The  "damage"  in  the  K-H  approach 
covers  the  spectrum  from  a  notch  (or  fillet,  etc.)  to  its  degenerate  and  generally  most  severe 
configuration  -  a  cracx.  In  essence,  then,  the  K-H  approach  is  aimed  at  providing  a  practical  technique 
for  predicting  the  residual  strength  of  structural  elements,  particularly  in  sheet  form,  containing 
notches  and/or  cracks. 

As  pointed  out  by  Kuhn  (1),  the  most  severe  defect  is  the  crack;  one  might  therefore  start  by  discus¬ 
sing  cracks  directly  without  reference  to  notches.  It  is  desirable  however  to  introduce  notch  discussions 
first  for  two  reasons:  "(a).... the  crack  strength  analysis  method  is  derived  by  considering  the  crack  as 
the  limiting  case  of  a  notch,. ..as  the  notch  radius  approaches  zero,  i.e.,  p  0,  and  hence  all  the  basic 
assumptions  and  considerations  involved  in  the  notch  strength  analysis  are  pertinent;  and  (b)...the 
literature  contains  test  results  on  notched  specimens  representing  an  investment  of  millions  of  dollars; 
if  this  investment  is  to  bear  full  fruit,  it  is  necessary  to  establish  and  maintain  contact  between 
'notch  strengch'  and  'crack  strength'.” 

There  is,  however,  an  additional  reason  why  notches  should  be  considered  first.  Fatigue  cracks  most 
generally  initiate  at  sites  of  local  stress  concentrations  such  as  holes  or  notches,  and  though  it  is 
conservative  to  presume  the  eventual  presence  of  a  crack  and  design  around  its  presence,  in  many  applica¬ 
tions  one  may  be  paying  an  exorbitant  penalty  weightwise  and/or  performancewise.  The  early  stages  of 
crack  development,  if  they  are  to  be  reliably  predicted,  must  be  based  upon  a  rational  analysis  of  the 
behavior  of  the  notched  rather  than  the  cracked  body;  secondly,  there  are  "any  critical  applications 
where  cyclic  damage  (and  subsequent  crack  initiation)  are  not  significant  design  considerations  -  rather, 
failure  occurs  under  essentially  monotor.ic  loading.  Under  these  conditions  the  desired  information  is 
the  strength  of  a  notched  body  -  not  one  which  is  necessarily  cracked. 

Basically  the  K-H  approach  starts  with  an  expression  for  the  elastic  stress  concentration  factor,  KT, 
(determined  either  theoretically  or  experimentally).  It  recognizes,  however,  that  the  maximum  effective 
stress  from  a  fracture  point  of  view  is  not  merely  the  nominal  stress,  SN,  multiplied  by  this  stress 
concentration  factor.  Instead,  the  Neuber  concept  if  introduced  to  attempt  to  account  for  the  microscopic 
heterogeneity  of  the  material . 

Neuber  (8)  recognized  that  with  sharp  notches  even  brittle  materials  did  not  fracture  when  the 
maximum  stress,  »t  the  notch  tip  (determined  as  Kt  x  5n)  reached  a  fixed  critical  value  independent 

of  notch  configuration.  He  recognized  that  one  could  not  use  the  ordinary  theory  of  elasticity  with  its 
implied  permissive  use  of  infinitesimal  elements.  Grain  size  Inhibits  this  approach;  hence  new  concepts 
had  to  be  introduced  if  one  wished  to  use  classical  elasticity  results  tor  sharp  notches  and  particularly 
cracks.  Neuber  visualized,  therefore,  that  the  material  was  composed  of  numerous  small  but  finite 
particles  and  that  an  effective  (or  Neuber)  stress  concentration  factor,  KN,  should  be  defined  on  the 
basis  of  the  average  stress  over  one  such  particle  of  depth,  t  ,  at  the  tip  of  the  notch,  i.e.,  Fig.  1. 
Neuber  letting  p'  be  the  effective  radius  of  that  particle  (i.e.,  p’  *  «/2)  considered  it  a  new  material 
constant  and  observed  that  its  value  was  approximately  0.5mm  for  the  steel  he  was  examining.  He  concluded 
that  in  the  limiting  process  of  going  from  a  gentle  notch  to  a  sharp  or  pointed  notch,  the  effective 
stress  concentration  factor  is,  in  fact,  a  function  of  the  material. 

For  gentle  notches  the  effective  stress  concentration  factor,  ty,  is  indeed  the  same  as  the  theo¬ 
retical  stress  concentration  factor,  fcj..  Furthermore,  for  the  hypothetical  case  of  an  idealized  material 
having  Neuber  particles  of  zero  size  (equivalent  to  a  homogeneous  material)  KN  should  also  reduce  to  Kp. 
The  transition  from  a  gentle  notch  to  the  sharp  notch  should  conform  with  these  conditions. 

Neuber  proposed  the  following  relation  in  attempting  to  meet  these  conditions: 
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where  p  is  the  notch  tip  radius  (see  Fig.  2)  and  Kp0  is  the  theoretical  stress  concentration  factor  for 
zero  flank  angle;  the  other  quantities  have  already  been  defined.  As  implied,  this  relation  is  valid 
over  the  entire  range  of  notch  radii  including,  of  course,  the  limiting  value  of  p  *  0  in  the  pointed  or 
sharp  notch  or  crack.  However,  if  the  sides  of  the  notch  are  not  parallel  a  further  correction  was 
recognized  as  necessary  since  the  resulting  angle,  for  sharp  notches  at  least,  could  seriously  influence 
the  theoretical  stress  concentration  factor  or  defined  by  Neuber  for  a  parallel  sided  notch.  Accordingly, 
Neuber  modified  Eq.  (1)  to  include  this  flank  angle,  u,  ( F i t .  2)  correction  as  follows: 
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Whereas  Neuber's  results  for  were  developed  for  infinite  sheets,  in  the  X-H  approach  the  XT 
determination  implies  corrections  for  finite  width  sheets.  Such  corrections  are  exploited  for  examp?e  in 
McEvily  and  Illg  (6),  and  Kuhn  (1,3) .  These  corrections  stem  both  from  theoretical  work  as  well  as 
experimental  investigations.  Specifically,  Kuhn  (1),  using  Dixon's  results  (9)  for  a  crack,  used  the 
relation: 
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Here  w  is  the  plate  width  and  2a  and  a  are  the  crack  length  for  the  center  cracked  ar.d  edge  cracked 
specimen  respectively. 

More  recently  Bowie  (10)  has  provided  detailed  and  accurate  analytical  solutions  for  cracks  in  finite 
width  plates  and  has  suggested  a  rather  general  and  simple  method  for  determining  the  stress  state  in  such 
bodies;  these  results  can  appropriately  be  utilized  in  the  K-H  approach. 

An  additional  consideration  introduced  in  the  K-H  approach  is  the  stress  alleviating  influence 
associated  with  the  plastic  deformation  which  takes  place  at  the  tip  of  the  notch.  The  plasticity  cor¬ 
rection  is  of  the  form: 
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where  E.  and  E2  are  secant  modu’ii  corresponding  to  »„ax  and  to  the  average  stress  remote  from  the  notch 
respectively. 

Letting  the  maximum  stress  be  redefined  as  the  ultimate  strength,  eu,  then  Ej  can  be  identified 
as  Eu.  If  attention  is  further  confined  to  cases  where  the  net  section  stress  at  failure,  S#,  is  less  i 
than  the  yield  strength,  #  ,  i.e.,  SN  <  then  the  average  stress  remote  from  the  notch  is  in  the 
elastic  region  and  E2  ■  E.y  £q.  (4)  then  tan  be  written  as  an  ultimate  strength  factor,  Kyi 
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Subject  to  the  constraint  Sg<  »  .  On  the  other  hand  i f  Sjj  >  »  the  K-H  approach  implies  Eq.(5)should  be 
written  as  follows:  1  1 
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when  Eg  is  the  secant  modulus  corresponding  to  the  net  stress,  Sg. 

Summarizing  then  for  the  notch  specimen,  the  ultimate  strength,  »u,  is  given  by: 


u 


I 


u 


x  S 


N 


(7a) 


1  *<*h  - l)  r 


v 


(7b) 


and 


and 


*T  - 


*N  ' 


1  ♦ 


1  ♦  ifz  toVp)1^ 


K  •  1  ♦  2k  (a/p) 

o 


1/2 


(7C) 


(7d) 


These  relations  represent  the  K-H  approach  and  provide  the  predictive  tools  for  determining  the 
residual  strength  of  a  notched  body  starting  from  its  original  geometry  and  related  theoretical  stress 
concentration  factor.  The  latter  can  be  determined  using  either  analytical  or  experimental  approaches, 
feeding  a  size  factor  consideration  into  the  consideration  via  the  Keuber  particle  concept  and  finally 
incorporating  a  plasticity  correction. 

Mhen  these  relationships  are  combined  for  a  finite  width  plate  and  are  interpreted  in  terms  of  a 
crack  instead  of  a  notch,  i.e.,  p  -»  0,  then  the  final  ultimate  strength  factor,  K^,  appears  in  the  form: 


K 


(./p-),/2j 


E 

u 

E“ 


(8) 


and  the  strength  in  the  form 


Note  that  P*  ,  presumably  a  material  constant,  must  be  experimentally  determined  and  kw,  defined  by  Equation 
3  accounts  for  the  width  effects  and  must  be  determined  either  experimentally  or  analytically. 


Hudson  (li)  applied  this  approach  to  a  specific  stainless  steel  and  by  taking  care  to  minimize  the 
buckling  influence  found  it  had  satisfactory  predictive  capability.  For  the  material  investigated  he 
found  that  the  Neuber  particle  parameter  was  approximately  0.18  inch.  This  is  undoubtedly  large  relative 
to  microstructural  elements  and  confirms  the  feeling  (as  has  been  suggested  by  others  including  Kuhn)  that 
the  quantity  p'  should  indeed  be  considered  only  as  a  parameter  in  Equation  1  and  not  necessarily  a  material 
related  constant.  Hudson  showed  quite  effectively  that  the  results  of  residual  strength  tests  were  signifi¬ 
cantly  influenced  by  buckling  and  that  the  K-H  method  applied  in  the  present  form  only  if  buckling  were 
inhibited. 

Broek  (12)  observed  that  cracked  sheets  frequently  exhibited  slow  crack  growth  under  increasing 
loading  prior  to  final  rapid  fracture,  lie  noted  that  the  initiation  of  this  slow  crack  growth  appeared 
to  be  governed  by  the  relation: 


•i  <V1/2  *  K1C  <,0> 

when  «i  is  the  nominal  (gross)  stress  at  the  instant  of  initiation  of  slow  crack  extension,  a0  is  the 
initial  crack  length,  and  Kr,.  is  plane  strain  fracture  toughness.  Broek,  however,  had  some  reservations 
as  to  the  physical  acceptability  of  this  criteria  since  it  had  also  been  observed  that  sheet  specimens 
with  cracks  initially  induced  at  45°  to  the  surface  continued  to  extend  slowly  under  static  loading  in 
a  shear  mode.  This  appeared  to  be  incompatible  with  the  Kjc  quantity  in  Eq.  10.  He  noted,  nevertheless, 
that  initiation  of  slow  crack  growth  appeared  to  occur  at  a  value  of  (»„)**  which  was  relatively 

independent  of  the  thickness,  thus  tending  to  confirm  Eq.  10  (since  Kjc  is  generally  presumed  to  be  a 
material  property  and  hence  independent  of  thickness) . 

Broek  attempted  to  predict  residual  strength  of  sheet  panels  by  incorporating  this  slow  growth 
consideration.  Using  as  a  starting  point  resistance  curves  of  Chapter  I  as  shown  in  Fig.  3  (see  alss 
Section  E-8)  he  notes  the  crack  is  stable  and  does  not  extend  if  *  <  *j,  but  at  a  «  the  ert ;k  slowly 
extends  under  the  influence  of  increasing  stress  following  the  curved  path  shown.  At  a  value  of  gross 
stress  where  »  *  »c  (point  F  in  Fig.  3),  the  crack  becomes  unstable  and  extends  catastrophically.  It  is 
clear  from  Fig.  3  that  analytically  this  instability  governing' unstable  growth,  hence  residual  strength  of 
the  panel,  is  given  by  the  simultaneous  condition  that  the  two  curves  (i.e.,  the  resistance  rata  R  curve 
and  the  energy  release  rate  G  curve  corresponding  to  the  initial  stress  T  )  •«•*»  h»v»  ■  >«<—»■< 
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when  V  and  W  art  related  to  the  R  and  (1  curve*  at  follow*! 


and 


*  •  > 


»V 

*  3a 


Thl*  latter  condition  won  first  developed  by  Orowan  (IS).  It  ahould  bt  nottd  that  whereas  Eq»,  11  are 
applicable  to  crack  instability  whrthei  it  be  ductile  or  brittle  crack  extension,  liq,  lib  ia  tuperfluoua 
if  only  the  brittle  trade  of  extension  ia  involved)  thus  reducing  to  the  tingle  commonly  rtaogniaed 
Griffith  relation)  Bq<  11a. 

When  Kqa.  11  were  applied  to  a  teriea  of  large  panelt)  the  following  rtlationahip  waa  developed  at  a 
reaioneble  criteria  for  residual  strength) 


"c  *c  *  constant  (12) 

where  n  depends  upon  material,  Broek  suggests  on  the  basis  of  admittedly  limited  data  that  the  critical 
crack  length,  ac,  is  proportional  to  the  Initial  crack  length,  a0,  in  the  form: 


a 
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■  nra 
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so  that  Bq,  12  can  be  rewritten  in  the  more  useful  form  for  design) 


<r  ap 
c  "o 


constant 


(13) 


Thus,  for  a  given  material,  two  tests  should  be  adequate  to  determine  the  constants.  Bq,  13  is  in  effect, 
then,  a  relation  for  prediction  of  residual  strength  in  terms  of  gross  stress,  <r  ,  and  initial  crack 
length,  a0.  Limited  data  in  support  of  this  type  of  relation  aro  providod  in  Brook's  paper;  this  data 
relates  to  thin  cylindrical  pressure  vessels  and  stiffened  panels  as  well  as  unstiffened  flat  panels. 
Extensions  to  incorporate  finite  width  effects  were  not  entirely  satisfactory^. 


An  attempt  to  provide  a  finite  width  correction  for  flat  panels  is  discussed  by  Brook  (14),  He 
essentially  used  the  scheme  similar  to  that  suggested  by  Bluhm  (IS),  Broek  assumes  an  "R"  curve  which  is 
independent  of  width  but  introduces  for  the  "G"  curve  a  relation  which  takes  into  account  the  finite 
width  of  the  panel.  These  are  then  introduced  into  Bq,  11  leading  to  the  relation  between  a  and 
ac  as  follows:  0 


a 


o 


«•  a. 


w  o-l 
“  a 


For  the  special  case  when  a0/w  is  kept  constant,  Broek  shows  that  this  approach  leads  to  the  prediction: 


^1/2 a  m  constant  (14) 

Figure  4  taken  from  Broek  (14)  tends  to  support  the  reasonableness  of  this  approach.  Buckling  of  crackod 
thin  skin  specimens  introduces  further  difficulties  into  the  interpretation  of  the  results  which  Broek 
(14)  also  discusses  briefly. 

In  a  later  paper,  Broek  (16)  suggests  that,  at  least  for  the  two  materials  investigated:  2024-T3  and 
707S-T6,  the  criteria  (Eq,  13)  appeared  to  be  appropriately  independent  of  the  sharpness  of  the  crack. 

This  conclusion  was  based  upon  a  comparison  of  the  behavior  of  specimens  containing  a  saw  cut  in 
contrasted  to  ones  with  a  fatigue  crack  generated  at  two  levels  of  alternating  stress.  Broek  (17)  also 
investigated  rate  of  loading  effects  and  showed  that  over  a  range  of  loading  rates  such  that  the  test 
duration  varied  from  approximately  0.4  sec.  to  30  minutes,  tests  on  2024-T3  exhibited  no  influence  on  the 
above  criteria  for  residual  strength. 
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Figure  1.  Representation  of  Neuber  "particle" 
at  notch/crack  tip 


Figure  2.  Identification  of  flank  angle,  u, 
and  notch  radius,  p 


Fig. 3  Energy  relations  for  slow  and  fast  crack  growth 
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a.  Introduction 


Appendix  IV- 3 
CRACK  PROPAGATION  LAWS 

I.  Bluhm 


Fatigue  has  generally  been  characterized  by  several  stages;  nucleation  (at  "defects")  of  cracks,  micro- 
crack  propagation  and  coalescence,  macrocrack  propagation  and,  finally,  catastrophic  fracture,  Nucleation 
appears  to  occur  very  early  in  the  fatigue  life  of  a  body  and  is  considered  to  be  the  consequence  of 
repeated  cyclic  slip.  It  is  also  clear  that  nucleation  of  microcrucks  is  not  restricted  to  a  single  site 
in  a  given  body;  generally  a  number  of  such  microcracks  will  develop  at  various  sites.  These  microcracks 
will  then  grow  at  different  and  not  necessarily  continuous  rates;  eventually  one  such  microcrack  will 
dominate  in  the  growth  process  and  become  the  macrocrack  which  leads  ultimately  to  final  failure. 

Since  the  gross  stresses  at  a  point  are  amplified  by  the  presence  of  a  geometric  notch,  it  is  not  sur¬ 
prising  that  nucleation,  initial  microcrack  growth  and  even  early  macrocrack  growth  is  usually  associated 
with  such  regions.  In  the  vicinity  of  a  notch,  microscopic  regions  containing  defects  are  subjected  to 
stresses  representing  the  product  of  the  stress  concentration  factors  of  the  notch  and  the  microdefect. 

If  we  consider  for  illustration  a  simple  case  of  a  plate  with  a  relatively  blunt  notch  per  Fig.  1, 
then  one  may  identify  certain  of  these  regions  of  fatigue  more  readily.  In  Fig.  la  we  observe  the  grossly 

expanded  region  of  the  base  of  a  notch  showing  representative  grains,  each  having  its  own  anisotropic 

characterization,  its  own  subgrain  boundaries  and  otherwise  generally  loaded  with  other  defects  such  as 
dislocations,  inclusions,  voids,  etc.  As  a  result  of  the  external  cyclic  loading,  damage  occurs  at  some 

of  these  sites  and  eventually  at  a  number  of  these  sites  microcracks  as  shown  are  formed.  These  are  dis¬ 

creet  disconnected  cracks  with  random  orientation  depending  upon  both  the  stress  state  and  the  given  orienta¬ 
tion.  With  repeated  cyclic  loading  more  sites  may  contribute  to  microcrack  formation  and  some  of  the 
existing  ones  will  grow  and  coalesce  with  others;  eventually  the  growth  will  be  restricted  to  one  or  two 
such  cracks  and  a  single  "dominant"  crack  will  prevail.  Figure  lb  suggests  the  appearance  of  such  a 
dominant  crack.  It  has  been  observed  that  generally  the  initial  dominant  crack  tends  to  be  of  at  an 
inclined  angle  to  the  tensile  loading  whereas  at  later  growth  stages  it  tends  to  follow  a  path  perpendicular 
to  the  load  direction;  these  have  been  identified  in  the  literature  on  Stage  I  and  Stage  II  crack  propaga¬ 
tion.  It  is  noted  that  since  the  "length"  of  this  dominant  crack  is  of  the  order  of  the  radius  of  the 
notch  that  the  stress  state  at  its  crack  tip  is  a  function  of  both  the  applied  load  and  the  initial  notch 
geometry;  at  this  stage  of  growth  the  notch  geometry  cannot  be  ignored  in  determining  the  levels  of  stresses 
at  the  crack  tip.  The  crack  is  undergoing  a  transient  stage  of  growth  "feeling"  initially  predominately 
the  effect  of  the  initial  notch.  When  the  crack  has  extended  further  as  in  Fig.  lc,  such  that  the  crack 
is  relatively  long  compared  to  the  notch  tip  radius,  then  the  effects  of  initial  notch  configuration  may 
be  ignored;  only  the  crack  configuration  becomes  significant,  we  identify  this  regime  as  the  "steady  state" 
regime.  "Steady  state"  growth  continues  to  take  place  until  the  crack  reaches  a  critical  size  at  which 
time  catastrophic  fracture  or  ductile  collapse  as  in  Fig.  Id  takes  riace.  This  presumes  that  the  plate 
is  large  enough  so  that  critical  crack  size  is  achieved  before  the  .  uence  of  the  free  edge  of  the  plate 
starts  to  affect  the  crack  tip  stresses. 

In  the  present,  we  shall  confine  ou~  attention  to  this  "steady  state"  regime  of  macrocrack  propagation. 
For  the  reader  who  is  interested  in  details  relative  to  the  ear 'i or  stages  of  fracture  including  pertinent 
design  approach  and/or  discussion  relating  to  the  breakout  of  fatigue  regimes,  one  may  see  typically 
references  1-18. 

b.  Representative  Crack  Propagation  Laws 

A  brief  glance  at  Table  1  taken  from  reference  19  would  suggest  that,  at  least  as  of  that  writing  (1967), 
there  appeared  to  be  no  generally  accepted  predictive  relation  for  crack  growth.  More  recent  surveys  by 
Barrois  (20)  or  Pelloux  (21)  tend  to  confirm  that  status  even  as  late  as  1970.  In  view  of  the  transient 
and  developing  state  of  knowledge  in  this  specific  area,  we  will  not  attempt  to  identify  the  appropriate 
propagation  law  but  rather  we  will  describe  several  laws  of  current  and/or  historic  interest  and  describe 
where  possible  some  of  their  limitations.  Christensen  and  Harmon  (19)  has  noted  that  most  of  the  various 
relationships  proposed  in  the  literature  are  reasonably  valid  for  the  restricted  ranges  of  applicability 
for  which  they  were  developed,  but  that  generally  they  did  not  provide  sufficient  generality  to  account, 
explicitly,  for  many  of  the  loading  parameters  known  to  be  significant.  Only  a  limited  number  of  available 
"laws"  explicitly  take  into  account  even  the  more  obviously  pertinent  material  properties  as  such;  they 
are  instead  generally  incorporated  in  experimental ly  determine  "constants", 

(1)  One  load  parameter  laws 

Most  early  crack  propagation  studies  attempted  to  correlate  the  cyclic  crack  growth  rates,  da/dn, 
to  various  functions  of  the  instantaneous  crack  length,  a,  and  the  alternating  stress,  <r  .  Many  of  those 
relationships  can  be  expressed  approximately  in  the  following  functional  form*  a 

&  -  fCv*'ci> 


**The  following  discussion  is  largely  borrowed  from  the  paper  by  Paris  and  Erdogen  (23). 


where  the  C^'s  are  (hopefully)  constants  selected  to  fit  the  experimented  data.  Note  that  in  this  form 
only  one  load  defining  parameter,  e,  enters  explicitly  into  the  relations.  In  this  form,  then,  generaliza¬ 
tion  to  cover  load  variables  is  limited.  Nevertheless,  it  is  useful  to  examine  a  number  of  such  relations 
which  have  been  proposed.  Head  (22)  suggested  a  model  exploiting  rigid  plastic  work  hardening  elements  and 
developed  the  form: 
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Where  C.  reflects  a  combination  of  material  properties  slightly  dependent  however  on  mean  stress,  C-,  is  the 
yield  strength  and  u  ,  the  size  of  the  plastic  zone  at  the  crack  tip.  As  pointed  out  by  Paris  and  Erdogen 
(23) ,  Head  (22)  assumed  w  to  be  a  constant  where  as  Frost  and  Dugdale  (24)  observed  it  to  increase  with 
crack  length;  Irwin  (25)  nad  shown  that  uQ  m  <7-2  a.  When  this  was  introduced  into  Eq  2  Paris  and  Erdogen 
obtained  Head's  "corrected"  law  4: 
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This  may  be  reduced  assuming  K  =0  2  a  (for  an  infinite  plate)  to  the  form: 
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Note  that  whereas  Eqs.  3  do  in  fact  reflect  the  situation  where  the  plastic  zone  may  indeed  increase 
with  crack  length  as  observed  by  Frost  and  Dugdale  (24)  and  as  might  be  expected  in  constant  load  tests,  this 
is  not  necessarily  a  valid  generalization.  For  tests  in  which  <r2  a  is  maintained  constant  then  according  to 
Irwin  (25)  the  plastic  zone  would  be  constant.  Frost  and  Dugdale  proposed  another  such  one  parameter 
relation 
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where  C4  is  a  constant  depending  both  on  material  and  mean  stress.  In  normalized  form*  this  can  be  expressed 
as: 
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Paris  and  Erdogen  (23)  suggested  the  relation: 


(4b) 


a£  -  C<A«4  (5) 

where  AK  is  the  stress  intensity  factor  range  of  K.  They  plotted  limited  crack  propagation  data  for  both 
2024-T3  and  7075-T6  aluminum  alloys;  this  data  from  several  sources  and  covering  some  six  decades  of  H*  are 
shown  reproduced  in  Figs,  la  and  lb.  It  is  suggested  by  the  authors  that  this  data  appears  to  substantiate 
the  exponent  4  in  Eq.  5  as  a  good  engineering  approximation. 


Barsom  (26),  examining  the  crack  propagation  rates  at  the  higher  range  of  energy  release  rates 
(or  K's),  quotes  work  of  others  to  suggest  that  observed  accelerated  growth  rates  at  a  higher  AK's  are 
associated  with  a  superposition  of  ductile  fracture  on  the  fatigue  striation  mechanisms.  This  ductile 
fracture  mode  intuitively  would  be  expected  to  increase  the  apparent  fracture  toughness;  hence  a  fatigue 
dilemma  crops  up;  the  toughness  increases,  but  nevertheless  the  crack  propagation  also  increases.  The 
transition  behavior  discussion  by  Wilhem  (27)  is  more  consistent  with  the  overriding  influence  of  increased 
toughness.  Barsom  basically  suggests  a  relation  equivalent  to; 


«> 


but  points  out  that  a  transition  occurs  (see  Fig.  3)  when  the  range  of  the  crack  opening  displacement,  A6, 
is  approximately  1.6  x  10*3  inches.  The  crack  opening  displacement, i,  is  defined  by  the  relation  6  »  “  , 
where  G  is  the  elastic  energy  release  rate  and  ay  is  the  0.21  offset  yield  strength.  ay 

‘For  purposes  of  this  review  wo  shall  express  all  crack  growth  rate,  not  only  in  the  original  form  (with 
minor  editorial  changes)  but  also  in  a  form  expressed  in  stress  Intensity  notation;  i.e.,  K,^,  or  AX  and 
R,  the  max  stress  intensity  factor  and  the  stress  or  load  ratio  R  »  w,.  /a  -p  .  /n  .  We  shall  further 
attempt  to  reduce  all  results  to  the  infinite  plate  case  to  pi o vide  a  cowsonoasirfor  evaluation,  Such 
forms  will  be  called  the  "nominalized"  or  "reduced"  form. 


_  _ _ _  •  >u.u< •  tuia  moi  explicitly  accounts  tor  the  yield  strength. 

Youngs  modulus,  and  Poisson's  Ratio  in  a  constant  C.  This  constant,  furthermore,  tales  on  distinct 
values  foi  plane  strain  and  plane  stress.  Beeuwkes  provides  impressive  evidence  that  the  large  bulk  of 
valid  data  (excluding  only  data  for  which  buckling  was  not  inhibited  in  thin  sheet  specimens)  fits  this 
predictive  relation  closely: 

Frost  and  Dixon  (29)  suggested  the  relation: 
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or  in  reduced  form: 
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which  is  identical  to  that  of  Frost  and  Dugdale  (Eq.  4). 


(7b) 


Pelloux  (21)  has  suggested  a  direct  relation  between  crack  growth  rates  and  the  Crack  Tip  Opening 
Displacement  (CTOO)  in  the  form: 


as  *  1/2  CTOD  ■  b  <«> 

where  ,  i  F  are  the  yield  strenjrh  and  clastic  modulus  respectively. 

Most  of  the  crack  propagation  studies  reported  in  the  literature  relate  to  unidirectional  loading. 
Using  quasi  elliptical  flat  plates  with  thru  thickness  cracks,  Joshi  and  Shewchuk  (JO)  were  able  to  study 
the  effects  of  biaxial  loading  on  crack  propagation  rates  in  2024-T3S1  aluminum  alloy.  Their  limited  results 
are  shown  in  Fig.  4a  and  4b.  They  were  able  to  account  for  biaxial  stresses  by  using  an  effective  stress 
intensity  factor  based  upon  the  maximum  strain  energy  theory  for  failure.  They  defined  the  equivalent  stress 
intensity  factor  as  Ke  «  a*»  where  v  2  m  <r,  »,  v“i  »2  and  as  shown  in  Fig.  4b  obtained  excellent 

nominalization.  *  1 

(2)  Two  load  parameter  laws 

In  order  to  include  effects  of  mean  stress,  a  number  of  "two  load  parameter"  equations  have  been 
proposed.  Paris  and  Gomez  (31)  suggested  the  functional  form: 

•■'[wfe] 


but  provided  no  explicit  suggestion  for  the  functional  fora. 

Broek  and  Schijve  (32)  recognized  the  need  for  unambiguously  defining  the  load  parameter  (at 
least  for  simple  loading)  and  suggested  the  fora: 
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or  in  reduced  fora 
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wheTe:  C,C-  are  constants 

R  is  the  stress  ratio  •',/*' 
a  is  the  half  crack  length 
b  is  the  half  plate  width 


This  fora  leads  to  a  linear  relation  when  log  jji.  is  plotted  against  log  K  with  slope  equal  to  1/3.  Data 
froa  Broek  and  Schijve  (32)  shown  in  Fig.  5,  snows  narked  deviation  froa  such  linearity  thus  casting  some 
doubts  on  the  global  validity  of  this  fora  of  relation.  It  is  worth  noting  that  this  "raw"  data  does 
however  highlight  several  features:  (a)  curves  for  different  R's  are  distinct,  (b)  a  tendency  for  a 
"threshold”  level  of  exists  below  which  |5.  approaches  zero,  and  (c)  at  high  value  of  there  is 
evidence  of  exaggeratedcrack  growth.  BToek  eSchijve  did  not  attempt  to  build  these  latter  behavioral 
characteristics  into  crack  growth  laws. 


Forman,  Kearney,  and  Engle  (33)  suggested  the  following  alternative  fora  which  explicitly  predicts 
the  exaggerated  emwth  •»  *»; 
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da  CAK11 

3n  (1-R)  Kc  -  Ak 


(11a) 


or  recognizing  AK  ■  (1-R)  Kmax 


da 

d^ 


*,»» 

Kc  -  «„.x 


(11b) 


Here  C  and  n  are  material  and  numerical  constants  respectively,  and  K  is  the  critical  stress  intensity 
factor  for  fracture.  Representative  results  taken  from  Forman,  et.  al.  (33)  are  shown  in  Fig.  6. 


Tomkins  (34)  starting  from  a  simple  shear  flow  model  derived  the  following  relation: 


Sir  *  CAo3°ma  (12a) 

or 

-  Cj  (1-R)3  (1+R)  K4  x  i  (12b) 

Figure  7  shows  some  of  his  results. 

Hudson  and  Scardina  (35)  evaluated  wide  sheet  crack  propagation  rates  with  P.  values  from  0  to 
-0.8  and  compared  the  results  with  the  prediction  relations  of  Paris  and  Erdogen,  Eq.  5,  Broek  and  Schijve, 
Eq.  10  and  Forman,  et.  al.,  F.q.  11.  They  concluded  that  the  Forman  relation  represented  the  best  fit. 

Figure  8  shows  those  three  relations  superposed  on  data  for  different  R  values.  Agreement  with  the  Brook 
and  Schijve  data,  though  fairly  good  at  low  Alt's,  is  poor  at  the  higher  level.  .  Comparing  the  Paris  and 
Forman  relations,  the  latter  appears  to  be  in  better  agreement  with  this  data;  additionally  it  incorporates 
the  load  ratio  parameter  R  in  explicit  form  wheroas  the  Paris  relation  requires  experimental  determination 
of  a  constant  for  each  value  of  R. 

It  is  noted  also  that  the  Forman  relation,  Eq.  11,  predicts  the  "S"  shaped  response  curve;  i.e., 
"accelerated"  growth  rates  at  the  higher  K's  and  decelerated  growth  rates  at  the  lower  K's.  It  predicts, 
in  fact,  a  catastrophic  rate  as  K  approaches  Kc  which  is  intuitively  satisfying  though  the  infinite  rate 
actually  predicted  is  not  compatible  with  observed  behavior  of  relatively  tough  materials.  This  relation, 
furthermore,  does  not  predict  threshold  behavior  (value  of  AK  below  which  crack  propagation  does  not  occur) , 
except  for  the  limiting  case  of  AK  »  0.  Recent  papers  by  Bucci,  et  al  (38,39)  discuss  this  threshold 
phenomena.  Bluhm,  et  al  (40)  and  Johnson  (41)  have  proposed  semi-empirical  relations  which,  not  only  show 
a  form  which  can  account  for  the  high  AK  acceleration,  but  which  also  address  the  threshold  behavior  at 
other  than  zero  stress  states.  The  Bluhm  relation  follows: 


or  in  reduced  form, 


where: 


da 

3n 


(l*R) 


K».x 


-  I 


1  - 


■ax 


(13a) 


(13b) 


AKt  is  the  threshold  level  of  AK 

K  *  is  the  effective  fracture  toughness  at  the  fatigue  stress  level  and  includes  terms  explicitly 
to  account  for  thickness  and  stress  level  " 

C,  m,  n  are  constants 

Johnson  (41)  proposed  a  similar  relation  essentially  as  follows: 


In 


Ie 


Ic 


1/n 


C  log 


(1<«) 


or  in  reduced  form 


da 

3F 


C  log 


Kic  -  AKt 


*IC 


(1-R)  K, 


max 


il/n 


(14b) 


Where  A Kt  represents  the  threshold  level  of  the  range  of  K. 

These  relations  predict  the  trends  observed  at  the  extreme  of  applied  AK's.  Pearson  (42,43)  has  used 
the  following  modified  Forman  relation  to  correlate  data  on  several  aluminum  alloys  using  half-inch  thick 
specimens: 


da  „  1/7  CAK™ 

dn  '  t(l-R)  KIC  -AK] 


(IS) 


This  yields  fair  correlation  over  much  of  the  intermediate  range  of  test  conditions,  but  crack  rates  are 
underestimated  at  low  rates  and  at  high  mean  stresses. 

Mukherjee  and  Bums  (44),  recently  investigated  effects  of  loading  frequency,  mean  stress,  and  the 
range  of  stress  intensity  factors  on  crack  growth  rates  in  polymethylmethacrylate  and  suggested  the  form: 


da 

air 


yfa  K^mean  (K)c 


(16a) 


or  (in  reduced  form) 

b  d-R)C  06b) 

where  y,  a,  b,  and  c  are  material  constants  determined  by  a  multiple  regression  analysis  and  f  is  the 
frequency  of  loading. 


da 

sr 


vfa  R 


Correlation  with  experimental  results  is  shown  in  Figs.  9a  and  9b  from  their  paper.  They  claim  a 
discrepancy  of  less  than  15  percent  between  the  experimental  and  predicted  number  of  cycles  over  the 
limited  range  of  frequencies  and  crack  lengths  investigated. 


c .  Programmed  and  Random  Loading 

In  many  structural  applications,  particularly  for  aircraft,  the  loading  is  neither  simple  harmonic  nor 
is  it  maintained  at  a  fixod  amplitude.  It  is  therefore  of  major  interest  to  designers  to  have  design  formula 
for  treating  such  cases.  One  may  consider  two  major  classes  of  such  complex  loading  histories:  programmed 
or  block  loading  as  shown  in  Fig.  10  and  random  loading  which  is  defined  generally  in  terms  of  the  spectral 
power  distribution. 


Consider  first  the  load  history  such  as  shown  in  Fig.  10.  Here  a  simple  cyclic  load  is  maintained  at 
constant  peak  and  constant  mean  stress  for  a  large  number  of  cycles  and  then  these  two  load  parameters  are 
changed  to  a  new  set  of  arbitrary  values  and  again  maintained  constant  for  a  significant  number  of  cycles. 
These  changes  may  be  effected  a  number  of  times  in  the  life  of  the  component  in  question. 

An  obvious  and  simple  approach  to  design  is  merely  to  use  a  selected  one  or  two  load  parameter  equations 
for  crack  growth  rates  and  apply  it  repeatedly  for  each  block  of  uniform  loading.  A  number  of  investigators 
have  examined  the  behavior  of  cracks  growing  under  such  conditions.  McMillan,  et  al  (45)  concentrated  on 
measurement  of  fatigue  striations  noting  the  changes  in  striation  appearance  and  spacing  at  different  load 
levels.  He  reported  computed  rates  which  are  unconservative  though  not  in  error  by  more  than  a  factor  of 
two.  Studies  by  McMillan  and  Pelloux  (45)  of  single  overloads  show,  furthermore,  that  such  overloads 
generally  tend  to  cause  crack  growth  retardation.  Matthews,  et  al  (46)  have  observed  (for  cyclic  loading) 
that  step  increases  in  the  stress  intensity  factor  led  to  a  significant  transient  exaggeration  of  the  crack 
propagation  rate  before  it  settled  down  to  the  anticipated  "steady  state"  rate.  In  neither  of  these 
last  studies,  however,  were  crack  propagation  laws  suggested  to  account  for  this  phenomenon.  Though  a 
number  of  investigative  and/or  exploratory  studies  are  underway  covering  various  aspects  of  programmed 
loading  and  even  random  loading,  little  has  been  crystallized  with  respett  to  practical  design  laws. 

In  the  area  of  random  load  fatigue  testing,  an  excellent  review  of  the  state-of-the-art  is  provided 
by  Swanson  (47) j  that  review  also  provides  an  extensive  bibliography  pertaining  to  crack  propagation  under 
random  loading.  Although  a  number  of  the  investigators  referenced  therein  have  experimentally  determined 
crack  propagation  rates  under  various  random  Input,  no  explicit  "laws"  were  proposed,  Examination  of 
paper-*  seated  at  the  recent  Symposium  of  the  International  Committee  on  Aeronautical  Fatigue  (48, 4y) 
tends  to  reinforce  the  thought  that  emphasis  in  fatigue  is  being  directed  more  and  more  toward  th»  random 
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load  approach.  A  number  of  models  for  behavior  under  random  load  were  presented;  10  definite  laws  have  been 
generally  acceptable.  The  papers  by  Dlimcnd,  ct  al  (18)  and  Wood  (!!!)  reflect  current  direction  toward 
developing  rational  laws  for  "life"  in  lieu  of  cr.,ck  propagation  rates  Buss.a,  et  al  (50)  propose.!  a 
detailed  and  sophisticated  "life  p-ediction  model"  for  random  loading  based  upon  the  relation; 

Life  -  C  Kta  (*")b  (r)c(nd  1-) 


where; 

C,  a,  b,  c,  and  d  are  material  constants 
is  the  stress  concentration  factor 
a  is  the  maximum  nominal  stress 
P  is  the  probability  of  maximum  loaJ  occurrence 
E  is  a  low  toad  elimination  factor. 

Example  application  to  the  simple  constant  amplitude  condition  led  to  prediction  of  10  x  10-*  cycle  whereas 
actual  life  was  J.5  x  1  (>5  cycle,  somewhat  on  the  unconservat  ive  direction. 

Another  rather  general  approach  to  the  life  prediction  approach  to  the  random  loading  process  is 
suggested  by  Erisman  (511  in  which  he  basically  adopts  Miner’s  rule  but  assumes 


is  permissible.  Then  defining  four  parameters  which  form  the  basis  of  his  "M.I.S.S."  method  he  proposes 
the  relation; 


-  *  f<ww 


08) 


where: 

Pm  is  the  parameter  defining  the  Mean  stress  effect 

Pj  is  the  parameter  defining  the  Interaction  effect  (between  mean  and  oscillating  stress) 

Pp  is  the  parameter  defining  the  Spectral  effect  and 

I^is  the  parameter  defining  the  Sequence  effect 
No  results  are  discussed  in  the  paper, 
d .  Geometry  and/or  Structural  Considerations 

Most  of  the  discussion  thus  far  has  related  to  homogeneous  monolithic,  isotropic  materials,  and, 
in  fact,  most  of  the  fundamental  understanding  of  fatigue  to  date  has  stemmed  from  studies  on  such  materials. 
However,  it  is  important  practically  from  the  aeronautical  or  structural  engineer's  point  of  view  to  be 
aware  of  the  effects  of  other  considerations  such  as  thickness  effects,  or  structural  stiffening  effects, 
etc.  on  propagation  l»ws.  In  fact  there  is  a  major  critical  gap  in  our  knowledge  of  crack  propagation  as 
related  to  whole  c!  seas  of  advanced  materials  such  as  composites. 

It  would  appe„-  straightforward  to  presume  that  inasmuch  as  geometry,  thickness  effects  and  st i ffener 
effects  cause  perturbation  of  either  the  stress  state  at  the  crack  tip  or  of  the  effective  fracture 
toughness  (hence  the  pertinent  material  constants)  that  many  of  the  formulatirc*  3lreaJy  expressed  earlier 
would  be  appropriate  as  long  as  one  takes  the  perturbation  into  account. 

Thickness,  for  example,  is  well  known  to  influence  fracture  toughness  (52-56)  and  as  such  would  certainly 
be  a  significant  factor  to  be  routinely  incorporated  into  such  crack  propagation  laws  as  Forman  Eqs.  11a, 
lib,  etc.  where  the  toughness  pa-aacter  is  explicitly  visible  or  in  other  relations  such  as  that  of 
Mukherjee  Eqs.  16  for  example  In  which  the  toughness  is  undoubtedly  expressed  implicitly  in  some  of  the 
material  constants. 

Geometry  effects  which  influence  the  stress  distribution  (or  the  stress  intensity)  would  similarly 
b*  ewpeesmd  »n  havs  significant  effects;  they  can  be  routinely  taken  care  of,  provided  the  stress  perturba- 


infinite  In  breadth  but  rather  finite.  There  are  appreciable  results  of  stress  distribution  and/or  stress 


intensity  factor  studies  in  the  literature  for  isotropic,  monolithic  structure.  The  recent  review  by  Peris 
and  Sih  (57)  is  a  good  source  of  such  data.  Bowie  (58),  more  recently,  summarized  development  of  a 
modified  mapping-collocation  technique  which  has  been  applied  to  finite  orthotropic  as  well  as  isotropic 
media  and  has  wide  applicability.  Structurally  significant  detail  such  as  stiffened  panels,  rivet  effect 
cylinders,  etc.  have  also  been  studied,  (59-63)  and  stress  intensity  factors,  or  their  equivalent, 
determined  for  such  varied  configuration.  These  various  analytical  and/or  experimental  results  of  stress 
distribution  near  crack  tips  will  undoubtedly  be  a  principal  input  to  the  crack  propagation  relationships, 
independent  of  which  form(s)  is  eventually  proven  to  be  most  useful  for  design. 


TABLE  1  -  Fatigue-crack  growth  equations 


Date 

Investigators 

Equation 

1935 

to  1936 

Deforest  and 

Magnuson 

No  equation,  but  one  of  earliest  experi¬ 
ments  designed  to  measure  fatigue-crack 

growth. 

1938 

banger  and 

Peterson 

No  equation,  but  first  suggestions  con¬ 
cerning  the  inclusion  of  crack  propagation 
data  into  emulative  damage  rules. 

1953 

Head 

dl/dn  »  pit2 

19S6 

McClintock 

[d(l/h)]/[d(0h)l  -  l/4yf[ln  h/2p  - 

1/2(1  -  4p2/h2)]  •••in  torsion 

1957 

to  1958 

Frost  and  Dugdale 

dl/dn  •  constant  • • •  constant  stress 

dl/dn  »  Ao31  ...  constant  load 

1958 

McEvily  and  tllg 

dl/dn  »  2ol5/Z,  where  a  -  1/*(1)"J/2 

1961 

Hardrath  and 

McEvily 

loglo*l(0.00Sl  V„et  -  5.472  - 

J4/Vnet  '  54» 

1960 

1954 

Schijve 

dl/un  • 

1956 

1960 

Keibull 

dl/dn  *  ...  constant  cyclic  e 

[d(l/w))/dr  •  K(*oP)/l(l  -  l/w)P)  ... 

constant  cyclic  load 

1961 

Vallurl 

dl/dn  -  Kl/[(1  -  l/t04)ejrk 

(1  -  y*crk)20  -  R)2 

1961 

Denke  and 

Christensen 

dl/dn  •  u(l/lc)/[(l  -  l/lc)4] 

1961 

Paris,  Gomez, 

and  Anderson 

dl/dn  »  •  *  Jin* 

1963 

Liu 

dl/dn  »  c<r2l 

1965 

Hanson 

dl/dn  •  cC&«p/l)8 
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(a)  Da maged  sites  showing  nudeation  of  (b)  Further  microfjrowth  and  appearance  of 

mkrocracks  and  some  coalescence  dominant  crack 

(mkrogrosrth) 


(c)  Steady  state  extension  of  dominant  crack  (d)  Final  fracture  imminent 


Fig.1  Sequence  of  events  from  microcrack  nucleation  to  final  fracture 


(b)  707S-T6  aluminum  alloy 


CRACK-GROWTH  RATE,  tfo/dN,  inch  per  cycle 

Fig  J  Fatigue  crack  growth  rate  as  a  function  of  stress  intensity 
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Appendix  IV- 4 

ENVIRONMENTAL  EFFECTS  IN  FRACTURE 
H.  H.  Johnson 


Failures  in  aircraft  structures  and  components  are  often  adversely  influenced  by  environmental  factors. 
Since  environmental  cracking  is  more  frequently  encountered  with  the  higher  strength  materials  used  in 
advanced  structural  systems,  the  area  has  received  much  attention  in  recent  years. 

Some  important  characteristics  of  environmental  cracking  are: 

•  environment- influenced  cracks  in  service  structures  often  emancte  from  prior  flaws  or 
metallurgical  heterogeneities. 

•  it  often  commences  at  stress  levels  well  below  the  normal  non-environmentally  influenced  net 
section  yield  strength  or  fracture  stress. 

•  the  crack  grows  slowly  in  the  opening  mode  under  the  combined  influence  of  the  stress  state 
and  the  environment. 


rapid  fracture  will  occur  if  the  crack  grows  to  a  length  such  that  the  remaining  section  is 
overloaded. 


•  environmental  cracking  is  more  prominent  with  higher  strength  materials;  the  stress  to  initiate 
the  crack  growth  process  may  be  much  lower  due  to  the  adverse  effect  of  increasing  strength  level. 

e  the  environment  chemistry  to  cause  cracking  is  much  less  specific  or  unique  for  higher  strength 
materials,  with  aqueous  media  of  most  interest. 

e  the  environment  may  catalyze  crack  initiation  and  growth  under  both  static  and  dynamic  loading. 

The  inclusion  of  environmental  effects  in  fracture  phenomena  necessarily  leads  to  a  complex  situation, 
in  which  the  description  of  fracture  must  be  largely  phenomenological.  This  is  evident  from  a  schematic 
representation  of  the  essential  components  of  the  environmental  cracking  event,  Fig.  1.  Metallurgy, 
chemistry,  and  mechanics  are  involved  and  are  not  easily  separated. 

The  locus  of  the  environmental  cracking  event  is  the  crack  tip  region,  where  the  essential  interaction 
occurs  between  the  environment  and  the  stressed  and  plastically  deforming  materiel.  Since  characterization 
of  the  plastic  zone  is  as  yet  primitive  and  the  chemical  interactions  in  the  crack  tip  region  are  not 
easily  studied,  it  is  not  surprising  that  quantitative  understanding  of  environmental  cracking  remains 
largely  at  the  macroscopic  level. 


b.  Testing  Methodolog 


The  classical  method  for  evaluating  susceptibility  to  environmental  cracking  is  to  immerse  a  stressed 
specimen,  usually  with  a  smooth  test  section,  in  the  suspect  environment  and  record  the  time  to  failure. 
The  environmental  cracking  characteristics  are  then  concisely  summarized  by  a  plot  of  nominal  stress  vs 
time  to  failure.  This  allows  a  good  characterization  of  the  metallurgical  and  bulk  environment  factors, 
but  the  mechanics  are  poorly  described  by  the  nominal  stress,  especially  since  multiple  cracking  is  often 
observed.  Quantitative  correlation  of  laboratory  test  data  and  service  performance  is  therefore  not 
feasible. 


A  further  characteristic  of  this  procedure  it  that  it  is  largely  a  test  for  crack  initiation.  An 
identifiable  crack  usually  appears  rather  late  in  the  test  life,  often  well  after  50%,  and  the  crack 
then  propagates  rather  rapidly.  Failure  times  are  controlled  mainly  by  the  material-environment  inter¬ 
action  at  the  smooth  surface. 


As  with  other  fracture  phenomena,  it  is  useful  to  consider  environments,  cracking  as  composed  of  two 
phases,  crack  Initiation  and  crack  propagation.  Initiation  refers  primarily  to  the  formation  of  a  crack 
at  a  smooth  surface,  and  propagation  to  the  growth  of  a  crack,  either  subsequent  to  the  initiation  phase 
or  from  a  preexistent  crack-like  flaw. 

The  classical  procedure  is  primarily  an  initiation  test;  it  is  often  useful  as  a  screening  device, 
particularly  for  lower  strength  materials.  However,  it  has  on  occasion  been  dangerously  misleading  in  the 
sense  that  it  has  Indicated  immunity  in  environments  where  service  experience  has  demonstrated  otherwise. 
For  example,  examination  of  service  failures  in  high  strength  steels  shows  that  environment- influenced 
fracture  cracks  almost  invariably  grow  from  prior  flaws,  and  this  circumstance  is  Just  not  evaluated  by 
the  classical  testing  procedure,  and  a  testing  procedure  which  focuses  upon  crack  propagation  character¬ 
istics  is  essential. 


Titanium  alloys  in  aqueous  media  offer  a  second  example  of  the  separate  importance  of  the  initiation 
and  propagation  phases.  Few  service  failures  have  been  experienced  with  titanium  alloys  in  aqueous  media, 
yet  laboratory  tests  with  pre-cracked  specimens  suggest  that  these  alloys  have  a  substantial  susceptibility 
to  such  media.  The  key  factor  is  apparently  the  tenacious  and  rapidly  forming  film  which  is  characteristic 
of  titanium.  In  smooth  section  tests  this  film  is  protective;  in  pre-cracked  tests  where  the  stress  is 
applied  subsequent  to  the  environment,  the  broken  film  is  apparently  unable  to  reform  and  be  protective. 

The  former  case  is  in  better  accord  with  service  experience,  where  it  appears  that  film  reformation  often 


occurs  at  the  tips  of  flaws  or  crevices  prior  to  exposure  to  the  environment,  and  this  Halts  the 
susceptibility  to  environmental  cracking.  As  a  result,  titanium  alloys  have  a  better  record  in  seTvicu 
than  in  the  laboratory,  with  respect  to  cracking  in  aqueous  media. 

c.  Fracture  Mechanics  Approach 

It  has  now  been  demonstrated  that  test  procedures  based  upon  linear  elastic  fracture  mechanics  are 
adequate  to  predict  and  interpret  environmental  cracking  phenomena  when  crack  propagation  is  the  control¬ 
ling  feature  (1,  2).  This  approach  is  at  present  most  useful  for  materials  of  intermediate  and  high 
strength,  where  conditions  are  such  that  the  site  of  the  plastic  tone  around  the  crack  tip  is  a  small 
fraction  of  the  specimen  or  structure  dimensions,  l.e.,  the  material  is  in  plane  strain. 

Nithin  the  fracture  mechanics  framework,  the  stress  intensity  factor  (a  quantitative  measure  of  the 
locally  elevated  stress  field  surrounding  the  flaw  and  Che  associated  plastic  zone)  is  taken  as  the  driving 
force  for  crack  extension.  It  is  appropriate,  then,  to  consider  on  an  experimental  basis  whether  or  not 
the  stress  intensity  factor  can  correlate  data  froa  different  specimen  geometries  and  from  structural 
failures. 

The  available  experimental  evidence  does,  in  fact,  strongly  indicate  that  the  stress  intensity  does 
correlate  such  data  (1,  2)  and  is  more  suitable  for  that  purpose  than  any  other  measure  of  the  stress 
state.  The  evidence  (1,  2)  nay  be  suonaarized  in  the  following  categories: 

(1)  Threshold  stress  intensities  (KtsCC)  are  identical  when  measured  by  both  crack  initiation  and 
crack  arrest  techniques  (1-3).  With  end  loading  and  crack-line  wedge  loading  of  center-cracked  specimens 
of  Ti-SAI-lMo-lV  alloys  in  3-1/2%  aqueous  solutions  of  NaCI,  good  agreement  between  crack  initiation  and 
crack  arrest  stress  Intensities  was  obtained  within  the  stress  intensity  range  of  20-2S  kti-ln^/2  for 
initiation  in  end  loading  and  within  20-22  ksl-in1'2  for  arrest  in  wedge  loading.  The  net  section  stress 
increases  with  crack  length  with  both  loading  configurations;  however,  concomitantly,  the  stress  Intensity 
decreases  with  wedge  loading  and  increases  with  end  loading.  The  existence  of  crack  arrest  with  wedge 
loading,  therefore,  illustrates  the  importance  of  the  stress  intensity  factor,  as  opposed  to  the  net 
section  stress. 

(2)  The  invariance  of  the  threshold  stress  intensity  with  specimentgeometry  has  also  been  demon- 
atrrtcd  with  high  strength  steels  (4),  Fig.  2.  Identical  threshold  stress  intensities  are  observed  for 
thw  three  geometries,  but  systematic  differences  in  failure  time,  and  therefore  crack  growth  rate,  are 
noted.  These  distinctions  reflect  the  different  functional  dependeces  of  stress  intensity  on  crack 
length  for  the  three  specimens  and  suggest  that  environmental  cracks  gTow  faster  at  higher  stress 
intensities. 

(3)  Turning  to  crack  propagation  experiments,  several  lines  of  evidjnce  suggest  a  unique  relation 
exists  between  crack  growth  rate  and  stress  intensity  for  a  given  material-environment  system.  Fig.  3 
presents  results  of  a  constant  stress  intensity  propagation  experiment  for  high  strength  steel  in  water  (1). 
These  results  show  that  constant  stress  intensity  is  clearly  associated  with  a  constant  growth  rate;  over 
the  same  interval  of  crack  extension  the  net  section  stress  varies. 

(4)  For  the  Ti-SAi-lMo-lV  alloy  in  3-1/2%  aqueous  solutions  of  NaCI,  crack  growth  rates  (3)  from 
both  end  loaded  and  crack-line  loaded  specimens  fall  on  a  single  curve.  Fig.  4,  when  correlated  in  terms 
of  the  stress  intensity  factor. 

Although  more  experimental  data  would  be  desirable,  that  available  strongly  suggests  that  the  stress 
intensity  factor  is  the  appropriate  parameter  for  characterizing  the  stress  state  in  environmental 
cracking  phenomena.  Tiffany  and  Masters  (S)  tested  wet  and  dry  surface- flawed  specimens  to  illustrate  the 
cetrimental  effect  of  moisture  and  to  compare  the  wet  specimen  results  with  a  hydraulic  actuatoT  which  had 
failed  in  the  presence  of  moisture.  Fig.  5  shows  their  results  and  the  good  correlation  which  they 
obtained  on  a  stress  intensity  basis. 

The  threshold  stress  intensity  is  perhaps  the  single  most  important  parameter  descriptive  of  environ¬ 
mental  cracking.  Although  occasionally  there  is  some  question  as  to  whether  or  not  it  is  an  absolute  limit, 
it  always  indicates  a  very  sharp  change  in  environmental  cracking  characteristics,  with  virtual  immunity 
at  the  lower  stress  intensity  levels  and  dangerous  susceptibility  at  the  higher  levels.  Therefore,  it  is 
the  single  most  Uqrartant  design  parameter  to  characterize  the  cracking  phenomenon. 

Crack  growth  rate  measurements  in  many  systems  have  shown  a  general  correlation  of  these  rates  with 
stress  intensities,  as  shown  in  Fig.  6.  V-k  curves  of  this  characteristic  shape  have  been  observed  for  a 
wide  variety  of  material-environment  systems,  including  steels,  titanium  and  aluminum  alloys,  and  glass. 

Hot  all  material-environment  systems  necessarily  show  all  three  regimes. 

Environmental  parameters,  e.g.,  te^erature  and  solution  chemistry,  are  often  observed  to  have 
different  effects  on  the  three  regimes,  suggesting  that  different  mechanisms  may  operate  in  different 
regimes.  In  some  instances  regime  II  is  associated  with  crack  branching;  this  may  represent  a  quasi  steady 
state  in  which  the  environmental  reaction  occuzs  at  a  rate  Just  sufficient  to  keep  up  with  the  propagating 
crack. 


For  some  systems,  notably  steels  and  titanium  alloys,  regime  I  becomes  vertical  at  a  sufficiently  low 
stress  intensity,  demonstrating  the  existence  of  a  true  threshold  foT  environmental  crack  extension. 
Further,  for  both  systems  it  is  generally  not  possible  to  manipulate  crack  growth  rates  over  orders  of 


as  temperature,  imposed  potential,  etc .  meTexore,  tnv  in, ,imie  stress  ,,  •  m..  —  .. n 

parameter. 


ror  aluminum  alloys  the  existing  data  do  not  Indicate  a  true  threshold  stress  intensity;  rather, 
regiae  1  becomes  steeper  at  low  stress  intensities  but  does  not  appear  to  approach  a  true  vertical 
asymptote.  However,  growth  rates  may  be  varied  over  many  orders  of  aagnitude  for  aluminum  alloys  by 
appropriate  variations  in  composition,  processing,  ano  heat  treatment  schedules.  Safe  performance  in 
quite  long,  but  finite,  life  applications  may  be  assured  by  this  approach,  even  though  stresses  nay 
exceed  the  threshold  stress  intensity. 

It  is  generally  observed  for  steels  and  titanium  alloys  that  crack  growth  rates  are  short,  ranging 
from  a  few  minutes  to  a  few  hours,  for  a  wide  variety  of  processing  and  thermal  treatments.  Threshold 
stress  Intensities  are  usually  unaffected  by  procedures  which  do  effect  changes  in  the  crack  growth  rate. 
There  has  been  very  limited  success  in  improving  the  threshold  stress  intensity  by  methods  which  do  not 
simultaneously  lower  the  yield  strength.  This  is  evident  from  studies  (7,  8)  of  the  environmental  crack¬ 
ing  behavior  of  maraging  steels  in  aqueous  media  after  a  substantial  variety  of  thermal  treatments,  and  of 
4840  steel  with  different  prior  austenite  grain  sizes. 

For  high  strength  quenched  and  tempered  steels  the  threshold  stress  intensity  is  quite  sensitive  to 
strength  level  (6),  Fig.  7.  The  rapid  drop  in  Kjgcr  at  strength  levels  in  the  range  of  180,000-200,000  psi 
is  fairly  general,  and  consistent  with  the  much  higher  incidence  of  service  failures  with  high  strength 
steels. 

A  major  limitation  of  the  critical  threshold  stress  intensity  concept  for  environmental  cracking  is 
that  it  is  essentially  a  static  loading  concept.  Available  evidence  suggests  that  the  static  K]SCC  is  of 
little  relevance  in  situations  involving  dynamic  or  cyclic  loading.  Environment-accelerated  fatigue  crack 
growth  has  been  observed  at  stress  intensities  well  below  kiscc-  Environmental  crack  growth  under  cyclic 
loading  is  strongly  load-frequency  sensitive,  as  would  be  expected  from  a  process  involving  interaction 
with  the  environment.  At  sufficiently  high  frequencies  the  crack  growth  rate  is  unaffected  by  environ¬ 
mental  factors;  the  effect  becomes  more  pronounced  as  the  frequency  is  decreased. 

It  appears  that  in  some  structures,  particularly  in  aerospace  and  military  applications,  environment- 
accelerated  fatigue  crack  growth  may  well  be  the  life-limiting  process  for  the  structure.  More  experi¬ 
mental  attention  to  this  area  night  be  desirable. 

In  many  experimental  and  practical  situations,  the  crack  grows  at  a  controlled  rate  under  stress 
state  circumstances  that  require  an  increase  in  stress  intensity.  It  has  been  observed  (1)  that  when 
the  stress  intensity  increases  to  the  level  corresponding  to  the  fracture  toughness  of  the  material,  e.g., 
KlC,  »n  abrupt  transition  to  rapid  and  unstable  crack  growth  occurs.  In  other  words,  the  basic  fracture 
toughness  is  unaffected  by  the  environmental  interaction,  which  apparently  can  be  described  in  mechanical 
terms  as  a  local  instability  at  the  crack  tip.  There  is  no  bulk  degradation  of  material  properties,  and 
the  effect  of  the  environment  is  localized  to  the  surface  or  near  surface  regions. 

d.  Mechanistic  Considerations 


It  is  evident  that  the  micro-mechanism  of  environmental  cracking  involves  aspects  of  chemistry, 
mechanics,  and  metallurgy  in  a  complicated  fashion.  Not  surprisingly,  there  is  little  agreement  among 
investigators  on  the  mechanisms  operating  in  different  material -environment  systems.  Most  suggested 
mechanisms  are  built  around  one  or  more  of  the  following  concepts: 

(1)  Anodic  dissolution  -  the  crack  tip  area  is  considered  anodic  with  respect  to  more  remote 
regions,  usually  for  metallurgical  reasons,  and  therefore  metal  dissolution  into  aqueous  media  is  concen¬ 
trated  at  the  crack  tip. 

(2)  Weakening  by  adsorption  -  it  is  suggested  that  adsorption  of  specific  species  in  the  crack  tip 
region  results  in  a  loss  of  cohesion  of  the  matrix  atoms.  The  exact  physical  mechanism  to  accomplish  this 
is  obscure,  but  presumably  results  from  an  alteration  in  the  Jpcal  electronic  structure.  The  question  as 
to  whether  the  adsorption  process  is  strain  activated  is  open. 

(3j  Films  -  surface  films  play  an  Important  part  in  several  mechanistic  concepts.  Rupture  of  pro¬ 
tective  films  by  plastic  strain  may  be  invoked  to  explain  concentration  of  dissolution  or  embrittling 
mechanisms  at  crack  tips.  Also,  the  continual  formation,  rupture,  and  re-formation  of  brittle  film',  has 
been  suggested  as  a  complete  mechanism.  Finally,  passive  films  are  protective  and  may  explain  immunity, 
as  suggested  earlier  in  the  discussion  of  titanium  alloys. 

(4)  Hydrogen  -  it  is  well  known  that  hydrogen  can  embrittle  many,  but  net  all,  of  the  alloys  that 
are  susceptible  to  environmental  cracking.  It  has  been  suggested,  and  currently  it  is  a  very  live  issue, 
that  hydrogen  generated  by  corrosion  reactions  between  the  material  and  environment  msy  be  the  actual 
embrittling  agent  in  many  environmental  cracking  phenomena. 

Some  aspects  of  these  corticated  questions  have  been  clarified  by  recent  investigations  of  crack  tip 
chemistry.  These  investigations  demonstrate  that  the  electro-chemical  nature  of  the  media  at  the  crack 
tip  during  steady  state  propagation  may  differ  greatly  from  the  bulk  chemistry,  these  results  suggest  the 
availability  of  hydrogen  at  crack  tips  even  when  the  bulk  electrochemistry  would  suggest  that  this  was  not 
thermodynamically  possible. 

Barth,  Steigerwald,  and  Troiano  (9)  used  a  permeation  technique  to  ascertain  the  conditions  under 
which  hydrogen  is  discharged  into  steel  from  an  aqueous  environment.  Even  under  bulk  anodic  potentials, 
they  found  hydrogen  permeation  through  the  steel  when  pitting  was  evident  on  the  input  surface.  Hydrogen 
was  not  observed  in  the  absence  of  pitting,  except  under  cathodic  potentials.  For  miwwMe  aetsshii!- 
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electrochemistry  of  aqueous  solution  in  cracks.  From  measurements  ot  10cm  pn  ana  potential  ul  Ull 

tip  region  he  concludes.  Fig.  8,  that  the  crack  tip  solution  chemistry  may  differ  greatly  from  that  of  the 

bulk  solution. 

The  solution  chemistry  in  the  crack  tip  always  becomes  sufficiently  acid  so  that  the  breakdown  of 
water  and  the  reduction  of  hydrogen  ions  is  thermodynamically  favored.  This  is  observed  for  a  variety  of 
materials,  even  for  solutions  of  highly  alkaline  bulk  chemistry,  or  when  the  specimen  was  anodically 
polarized  (2).  This  acidification  of  the  crack  tip  solution  presumably  results  from  hydrolysis  of 
dissolving  metal  ions.  Therefore  environmental  cracks  frequently  occur  under  conditions  where  the  crack 
tip  chemistry  is  thermodynamically  favorable  to  the  discharge  of  hydrogen  upon  the  crack  tip  surface. 

This  is  good  circumstantial  evidence  for  the  involvement  of  hydrogen  in  the  mechanism  of  tne  cracking 
process. 


REFERENCES 

1.  Johnson,  H.H.  and  Paris,  P.C.,  J.  Eng.  Fract.  Mcch.,  1,  1968,  p  1. 

2.  Brown,  B.F.,  "Coupling  Program  on  Stress  Corrosion  Cracking,"  Final  Technical  Report  Second 

Edition,  ARPA,  October  22,  1971. 

3.  Smith,  H.R.,  Piper,  D.E.  and  Downey,  F.K.,  J.  Eng.  Fract.  Mech.,  1,  1968,  p  1. 

4.  Beachem,  C.D.  and  Brown,  B.F.,  ASTM  STP  425.  1967,  pp.  31-40. 

5.  Tiffany  C.F.  and  Masters,  J.N. ,  ASTM  STP  381.  196S,  pp.  249-277. 

6.  Peterson,  M.H. ,  Brown,  B.F.,  Newbegin,  R.L.  and  Groover,  R.E.,  Corrosion  23.  1967,  p  142. 

7.  Proctor,  R.P.M.  and  Paxton,  H.M.,  ASM  Trans.  Quart.  62,  1969,  p  989. 

8.  Stavros,  A.J.  and  Paxton,  H.K.,  Met  Trans.  J_,  1970,  p  3049. 

9.  Barth,  C.F.,  Steigerwald,  E.A.  and  Troiano,  A.R.,  Corrosion  25,  1969,  p  353. 


w*omnj  nmauurgy,  mccniniw,  lira  cncimsrry 


<* 


I 

i 

1 


1 

i 


1 


4 


114 


Test  duration  (min) 

Fig.2  Comparison  of  threshold  stress  intensities  (K,sr(  )  for  thr~e  specimen  configurations  (41 


Fig. 3  Constant  crack  growth  rate  in  a  constant  stress  intensity  lest,  H-ll  steel  in  water  (l) 


Stress  intensity,  Kj  (ksi  JTn. ) 


Fif.6  Schematic  representation  of  typical  crack  velocity-stress  intensity  relation 
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Appendix  IV- 5 
SUMMARY  OF  LIMITATIONS 

Preliminary  Contents :  J.  I.  Bluhm 

In  a  broad  sense,  lialtations  to  the  applicability  of  mechanics  to  the  fracture  process  entail  diffi¬ 
culties  associated  with  several  areas  as  follows: 

a.  Loading  history,  particularly  when  considered  as  a  stochastic  problem 

b.  Material  variability 

c.  Environaental  influences 

d.  Nondestructive  testing  inspection  techniques  for  flaw  detection  and  characterization 

e.  Stress  analysis  covering  both  the  two  and  three-dimensional  static  and  dynamic  regimes 

f.  Quantitative  description  of  an  adequate  failure  criteria 

It  is  principally  with  respect  to  the  latter  two,  i.e.,  analysis  and  description  of  a  valid  failure  criter¬ 
ia,  that  this  brief  enumeration  of  limitations  is  addressed. 

The  J  Integral* 

(a)  The  Rice  energy  line  integral  (Eq.  1  of  Section  E-6)  applies  only  to  two-dimensional  problems; 
therefore,  the  J  approach,  as  currently  developed,  is  limited  to  problems  of  plane  strain  or  generalized 
plane  stress. 

(b)  Since  the  deformation  theory  of  plasticity  was  used  to  substantiate  the  constancy  of  the  J 
integral,  it  would  appear  that  unloading  is  not  permissible  (i.e.,  fracture  would  have  to  proceed  under 
constant  or  increasing  loading).  This  would  rule  out  applicability  to  materials  which  exhibit  significant 
sub-critical  crack  growth  prior  to  fracture  since  such  extension  implies  local  unloading  near  the  crack 
tip.  Additionally,  as  a  consequence  of  the  inadmissibility  of  the  unloading  and/or  slow  crack  growth, 
the  J  criteria  appears  to  refer  to  crack  initiation  rather  than  propagation  (this,  however,  is  no  more  a 
restriction  than  the  JCjc  criteria). 

(c)  Since  material  failing  in  plane  stress  generally  exhibits  slow  crack  growth,  the  J  integral 
approach  appears  to  be  applicable  only  to  plane  strain  (implied  by  the  notation  Jjc). 

(d)  The  JJc  approach  appears  to  be  limited  to  configurations  of  contained  plasticity 

(e)  Suitable  J  integral  calibration  must  be  developed  for  materials  possessing  plastic  flow  prop¬ 
erties  similar  to  those  of  the  material  one  expects  to  test  and  for  the  particular  specimen  configurations 
which  are  to  be  used  (1).  This  should  include  a  study  of  the  effect  of  root  radius. 

Crack  Opening  Displacement 

(a)  Considerable  controversy  persists  in  the  scientific/engineering  community  as  to  the  funda¬ 
mental  nature  of  the  crack  opening  displacement  (COD)  measurement.  This  controversy  stems  from,  among 
other  factions,  ambiguity  as  to  what  is  being  measured,  where  "it”  should  be  measured,  and  how  "it"  should 
be  measured.  These  uncertainties  are  gradually  being  displaced,  however,  with  further  developments  of  the 
concept . 


(b)  Currently  the  commonly  recommended  position  for  measurement  of  the  COD  is  the  elastic-plastic 
boundary.  Pragmatically  speaking,  there  are  few  existing  acceptable  general  solutions  appropriate  for  this 
purpose.  Furthermore,  this  elastic-plastic  boundary  will  be  dependent  upon  the  strain  hardening  character¬ 
istics  of  the  material.  (It  has  been  suggested,  however,  by  Wells  (2)  that  this  effect  can  be  incorporated 
into  the  interpretation  of  results  in  the  form  of  a  small  negative  crack  length  correction.) 

(c)  The  COD  is  dependent  upon  stress  state  and  this,  in  turn,  upon  specimen  configuration 

(d)  The  COO  does  not  appear  to  be  a  very  sensitive  measure  for  use  in  connection  with  high  strength 

materials 


(a)  The  COD,  as  normally  determined,  contains  components  of  displacement  which  are  not  directly 
relevant  to  the  fracturing  process  (3) 

(f)  No  direct  connection  between  the  COO  and  an  actual  fracture  mechanism  has  yet  been  established 
Resistance  Method 


(a)  Does  not  directly  provide  a  characteristic  which  is  unique  to  the  material;  geometry,  particu¬ 
larly  thickness,  is  known  to  be  critical  (This  is  also  true  of  other  measurements,  i.e.,  I.  or  COD). 


•liiis  discussion  follows  that  in  the  paper  by  J.  A.  Begley  and  J.  D.  Landes:  "The  J  Integral  as  a 
Failure  Criterion,"  Nestir.ghouse  Scientific  Paper  71-1E7-MFPWR-P3,  June  8,  1971;  also  presented  at  the  5th 
National  Symposium  on  Fracture  Mechanics  held  at  the  University  of  Illinois,  Aug.  31  -  Sept.  2,  1971. 


(b)  In  the  application  of  tha  resistance  method,  it  it  presumed  that  the  elastic  energy  reloase 
rate  it  independent  of  the  fracture  mode;  this  still  remains  to  be  substantiated.  Ambiguity  of  commonly 
measured  parameters  arise  from  distinguishable  fracture  modes  which  are  specimen  configuration  sensitive) 
steady  state  tearing,  transient  unstable  crack  growth,  i.e,,  pop-in,  and  catastrophic  unstable  crack 
growth  provide  potential  measure  of  crack  initiation  resistance,  crack  propagation  resistance  and  crack 
arrest  resistance. 

(c)  The  results  of  the  R  method  are  sensitive  to  the  test  system  flexibility  (or  stiffness)  as 
well,  of  course,  as  to  the  fracture  mode, 

The  Kuhn-Hardrath  Method 


As  originally  developed,  the  particle  slxe,  <S,  carried  ovor  from  the  Neuber  formulation  to  the  Kuhn- 
Hardrath  (K-H)  technique,  represented  a  physically  acceptable  concept  of  a  critically  stressed  region  near 
tho  notch  tip.  Howevor,  in  subsequent  studies,  it  appeared  that  in  order  to  have  the  data  match  the  pre¬ 
dictions,  the  "particle  site"  was  occasionally  of  the  same  order  of  site  as  the  specimen  itself,  thus 
negating  a  physical  significance  to  the  particle  site  interpretation  of  tf.  It  is  noted  also  that  this 
"particle  site,"  which  was  hoped  to  be  a  material  characteristic,  is  also  geometry  dependent,  particularly 
thieknesswise.  The  general  conclusion  is  that  the  particle  site  is  merely  a  parameter  in  Eq.  1  of  Section 
E-9  and  should  not  be  considered  a  material  property. 

The  predictive  capability  of  this  approach  is  markedly  effected  by  the  presence  of  buckling.  Since, 
in  effect,  the  K-H  apparoach  was  aimed  at  fracture  prediction  in  thin  sheet  applications,  this  sensitivity 
to  buckling  is  a  serious  consideration. 

Crack  Propagation  l.aws 

No  universally  acceptable  "law"  exists  even  for  simple  tension-tension  loading;  few,  if  any,  take  in¬ 
to  account  the  distinctions  betweon  various  failure  modes,  i.e.,  plane  stress  or  plane  strain.  History 
effects,  though  shown  to  be  significant,  have  not  generally  been  accounted  for.  Behavior  of  crack  growth 
rate  at  low  (threshold)  levels  is  only  recently  receiving  increased  interest;  factors  governing  this 
threshold  level  are  yet  to  be  specified.  At  the  other  end  of  the  crack  growth  rate  spectrum,  i.e.,  at 
high  stress  intensity  levels  (greater  than  KJc),  the  behavior  is  essentially  unstudied. 

Other  areas  relating  to  crack  growth  in  which  more  information  is  needed  and  which  limit  confident 
use  of  existing  propagation  laws  include: 

(a)  Effects  of  environment 

(b)  Applicability  to  composite  materials 

(c)  Effects  of  combined  stress 

(d)  Transient  behavior  associated  with  changing  crack  front 

(e)  Tractable  treatment  of  random  loading 

(f)  Stochastic  treatment  of  data  and  incorporation  of  reliability/probabilistic  considerations 

(g)  Structural  arrestors 

(h)  Role  of  joints  in  crack  propagation 
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FAIL-SAFE  DESIGN  PROCEDURES 


V .A  BASIC  INFOHXATION 

D.  Brock 

V.A.l  THE  FAIL-SAFE  DESIGN  CONCEPTS 

Operations  econony  demands  a  light  aircraft  structure.  Such  a  light  structure  will  have  a 
limited  life,  not  ouch  longer  than  the  economical  service  life  of  the  aircraft.  As  a  result  of  uncertain¬ 
ties  in  design  loads  and  stress  analysis  and  the  possible  occurrence  of  minor  damage  to  the  structure  it 
has  to  be  expected  that  cracks  or  partial  failures  occur  long  before  the  aircraft  life  is  expended.  Safety 
then  requires  a  structu*al  design,  that  can  still  withstand  an  appreciable  load  under  the  presence  of 
cracks  or  failed  parts.  It  also  requires  that  the  damage  can  be  detected  before  it  has  extended  to  a 
dangerous  size.  The  structure  that  meets  these  requirements  is  considered  fail  safe  (l, 2, 3, 4]  • 

The  damage  that  can  occur  to  an  aircraft  structure  can  consist  of  fatigue  cracks  or  fatigue 
failures,  stress  oorroaion  cracks  or  failures,  and  of  foreign  object  damage  (bird  impact,  sabotage  bombs, 
battle  damage  of  military  aircraft).  Fail-safety  can  be  achieved  in  various  ways.  Four  methods  for  fail¬ 
safe  design  are  depicted  in  figure  I1A  1,  Two  of  these  (a  and  c)  are  relatively  well  knowni  the  other  two 
(d  and  e)  find  very  limited  application,  since  they  will  only  be  used  if  the  other  two  cannot  be  applied. 

Figure  VA  la  ah owe  the  case  where  the  structure  is  made  fail-safe  by  selecting  materials  with 
low  growth  rate  and  hi$j  residual  strength  and  by  adopting  a  design  with  inherent  orack  stopping 
capabilities.  This  method  is  particularly  suitable  in  oase  of  built-up  sheet  structures.  (This  method  is 
sometimes  referred  to  as  the  damage  tolerance  method).  After  some  service  period  a  crack  may  be  initiated 
(point  A'  in  top  diagram).  This  crack  is  still  so  small  that  it  would  not  be  revealed  by  any  of  the  exist¬ 
ing  inspection  techniques.  After  A  hours  (lower  diagram)  it  has  grown  to  a  size  that  allows  detection. 

Mhile  the  orack  further  increases  in  length  the  remaining  strength  of  the  structure  will  gradually 
deteriorate  until  after  B  hours  it  will  drop  below  the  acceptable  fail-safe  strength. 

The  period  from  A  to  B  is  available  for  crack  detection.  For  a  safe  operation  there  should  be 
at  least  two  or  three  inspections  in  this  period,  since  a  crack  of  the  minimum  detectable  length  may  just 
escape  attention  during  a  given  inspection.  Although  the  crack  may  have  an  appreciable  length  at  the  end 
of  the  safe  period,  it  will  be  much  smaller  during  the  greater  part  of  the  time,  since  the  High  growth 
rates  occur  at  a  longer  crack.  This  implies  that  relatively  small  cracks  will  have  to  be  detected  even  if 
tha  maximum  tolerable  crack  is  relatively  large  .  It  also  implies  that  a  small  increase  of  the  tolerable 
crack  length  is  not  significant .since  the  last  crack  propagation  will  take  the  least  time. 

It  should  be  noted  that  it  is  not  strictly  necessary  to  select  a  material  with  a  low  crack 
propagation  rate.  In  principle  the  etructure  can  be  made  fail-safe  also  if  cracks  propagate  fast,  if  only 
tbs  inspection  interval  is  made  short  enough.  Short  inspection  periods  are  not  economical  and  therefore 
tha  aircraft  may  sell  better  if  designed  in  crack  resistant  materials.  Some  remarks  on  the  length  of  the 
inspection  interval  will  follow  latar  in  thie  aection. 

I  special  caae  of  thie  fail-safe  concept  le  the  occurrence  of  impact  or  Babotage  damage 
dapioted  in  figure  VA  lb.  This  damage  is  eo  obvious  that  the  rest  of  the  flight  in  which  it  occurred  will 
be  short  and  the  pilot  will  be  carefully  maneuvrlng  and  terainata  the  flight  at  the  nearest  airport.  It  is 
unlikely  tha;  a  high  load  will  occur  in  thie  period  and  therefore  the  acceptable  residual  strength  level 
-say  he  lower  than  in  other  oases.  Since  the  damage  ia  obvious  it  will  bs  repaired  immediately. 

A  structure  can  also  bs  fail-safe  if  the  design  allows  for  e  multiple  load  path  (Fig.  VA  lc), 
i.s.  if  the  load  la  transmitted  by  a  number  of  parallel  elements.  When  ons  of  these  elements  has  failed, 
neighbouring  elements  can  take  over  its  task,  the  penalty  being  s  higher  load  in  the  remaining  elements. 

The  top  graph  shows  how  ons  member  fails  after  C  hours  of  service  and  ths  bottom  graph  indicates  how  this 
failure  effects  the  residual  strength.  All  other  members  of  the  group  have  experienced  more  or  less  the 
earns  load  history  end  therefore  more  of  them  may  be  close  to  failure.  Besides  their  load  ia  increased  due 
to  failure  of  the  first  element.  Thie  implies  that  a  second  element  may  soon  fail  at  D  and  then  the 
strength  will  drop  below  the  required  safety  level. 

The  time  from  C  to  D  will  be  available  for  detection  of  the  failure.  If  the  failure  of  the 
first  element  was  a  premature  failure  induced  by  a  minor  damage  the  period  Cl)  can  be  fairly  long.  If  the 
failure  was  not  caused  by  special  circumstances  the  period  CD  will  fully  depend  upon  the  scatter  in 
fatigue  lives,  since  all  elements  experienced  the  same  load  hietory. 

The  two  methods  discussed  lc  ths  previous  paragraphs  are  the  normal  eoncepts  for  fall-safa 
design.  It  appear*  that  orack  detection  is  vitally  important  for  f-il-safety.  Therefore  chapter  VII  of  this 
manual  will  be  completely  devoted  to  inspection  techniques.  A  structure  that  is  never  inspected  ctnnot 
normally  be  fail-safe.  This  implies  that  ths  structure  cannot  be  fail-tafe  if  the  orltlcal  '•rack  ie  eo 
small  that  it  cannot  bs  detected.  However,  such  structures  can  yet  be  made  fail-safe  by  meant  of  periodic 
proof  testing  or  by  means  of  periodic  stripping,  ths  two  other  fail-safe  oonospts  depicted  in  figure 
VA  ld.e. 


In  osse  of  periodic  proof  testing  ths  structure  it  periodically  subjected  to  s  hi oh  nroof 

si  flaw  size  ia  at  E  (Fig.  VA  Id).  If  failure  does  not  occur  during  proof  loading,  flews  of  this  size 
wars  not  present.  At  the  required  fail-safe  load  the  critioal  orack  size  is  at  F.  An  incidental  crack  of 
size  I  is  not  allowed  to  grow  to  F  in  the  period  between  two  proof  loads.  Tha  time  required  from  orack 
propagation  from  E  to  F  ie  the  proof  load  period. 
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During  proof  loading  real  dual  compressive  stresses  Mill  b*  built  up  at  tha  crack  tip.  Thia 
will  aloM  down  subsequent  orack  propagation.  Parta  of  tha  atruotura  may  ba  under  compression  during  proof 
loading.  If  oracka  ara  present  them,  residual  tensile  stresses  may  ooour  at  their  tips,  which  any 
accelerate  subsequent  growth  of  tha  oracks  in  these  regions. 

Psriodio  proof  tasting  has  only  found  littls  application  so  far.  Tha  proof  loading  haa  to 
oocur  under  controlled  conditions.  Clearly,  this  is  complicated  and  very  expensive.  The  aethod  may  work 
for  structural  parts  that  can  be  dismounted  and  tested  in  a  simple  rig,  but  proof  testing  of  a  complete 
airframe  oannot  aasily  be  accomplished. 

In  oase  of  periodic  stripping  the  surface  layer  of  the  structure  is  machined  away  periodic¬ 
ally  at  locations  liable  to  develop  cracks.  Of  course,  this  needs  to  be  done  only  at  places  where  cracks 
art  likely  to  appear.  If  a  flaw  i',  almost  of  the  critioal  sits  L  (Pig.  IIA  le)  it  Mill  be  reduced  to  size 
It  if  a  surface  layer  LK  is  removed.  The  time  r '  fuired  for  crack  propagation  from  K  to  L  (through  a  stripp¬ 
ing  layer  thickness)  will  be  the  stripping  interval.  Tha  stripping  can  be  followed  by  shot  peening  to 
introduce  favouraole  compressive  stresses.  Periodic  stripping  oan  be  a  solution  for  expensive  thiok- 
section  structures,  if  the  critical  flaw  is  extremely  small  as  is  oftan  the  case  for  landing  geara.  It 
requires  a  good  knowledge  of  the  locations  liabls  to  cracking  to  sslsot  the  areas  to  ba  stripped. 

It  follows  from  the  foregoing  that  the  essential  part  of  the  fail-safe  analysis  is  ths 
establishment  of  the  inapection  Interval  or  in  rare  oases  ths  proof  test  interval  or  ths  stripping 
interval.  The  procedure  has  to  start  out  with  the  establishment  of  the  required  fail-eafe  load.  This  will 
usually  be  taken  between  80  °/o  end  100  °/o  of  the  limit  load.  Then  the  orltioal  flaw  site  at  this  fail¬ 
safe  load  is  determined  and  the  raeidnal  strength  of  ths  structure  is  determined  for  a  range  of  orack 
sites  or  flaw  sitss.  This  provides  ths  residual  strength  diagram.  Finally,  It  has  to  be  determined  how 
long  it  will  take  the  crack  to  grow  from  the  minimum  detectable  site  to  the  oritioal  sits.  This  informat¬ 
ion  Mill  alloM  establishment  of  the  Inspection  period. 

A  structure  might  be  made  fall-safe  irrespective  of  the  material  properties,  if  ths 
inspection  period  Is  sufficiently  short.  This  may  prove  possible  for  a  few  items  where  inspection  is  ex¬ 
tremely  easy,  but  economical ly ,  there  will  be  a  demand  for  a  fixed  and  long  Inspection  period.  The 
inspection  period  is  usually  not  determined  by  ths  fail-safe  requirements  but  by  operational  requirements. 
For  airliners  large  inspections  are  considered  acceptable  once  every  two  years.  In  this  period  of  time  the 
aircraft  may  accumulate  up  to  10,000  hrs  and  up  to  15,000  landings.  It  is  obvious  that  s  proof  test  inter¬ 
val  or  a  stripping  Interval  should  not  be  much  shorter. 

Arguments  will  ofton  be  raised  between  the  airworthiness  authorities  and  tha  aircraft 
manufacturers  regarding  the  critical  crack  length  and  the  inspection  period.  It  should  be  pointed  out  that 
improvement  of  tha  inspection  technique  is  a  such  better  guarantee  for  safety  then  an  inoreaas  of  ths 
oritioal  crook  length.  From  figure  VA  la  it  appears  that  doubling  tha  oritioal  oraok  length  doss  not  even 
give  a  50  “/°  gain  in  detection  period.  But,  reducing  the  minimum  detectable  crack  length  by  50  °/o  almost 
doubles  ths  detection  period.  Similarly,  a  lower  crack  propagation  rats  is  of  more  importance  than  a 
higher  residual  strength  or  fracture  toughness. 

Of  oouras,  a  long  crack  has  a  better  chance  to  ba  dstsoted  than  a  small  orack,  but  a  orack 
is  small  during  ths  greater  part  of  its  existence  giving  mors  than  one  ohance  for  dstsotion.  It  haa  to  be 
pointed  out  that  an  aircraft  oannot  ha  argued  fail-safe  on  ths  basis  that  large  cracks  will  be  found 
during  a  daily  superficial  inapection.  Such  a  detection  would  prevent  a  catastrophe,  but  it  has  nothing 
to  do  with  tha  rational  fail-safa  ooncept.  High  probability  for  crack  detection  exists  whan  tha  inspector 
looks  for  oracks  end  knows  where  to  look.  So,  even  for  ths  so-called  obvious  cracks  ths  aircraft 
manufacturer  should  prescribe  an  inspection  interval,  which  oan  then  be  much  shorter  than  ths  two  years 
interval  for  a  major  overhaul. 

The  question  now  arises  of  what  use  fracture  mechanics  oan  be  in  tbs  solution  of  fail-safe 
problems.  In  order  to  presort be  a  safe  inspection  interval,  or  to  check  whether  safety  is  ensured  through¬ 
out  s  given  Inspection  interval,  one  needs  Information  about  residual  strength  and  crack  propagation.  This 
information  oan  bo  obtained  from  tests,  but  predictions  can  also  be  made  by  means  of  fracture  mechanics. 
Ths  latter  is  sspsoially  useful  in  ths  design  stage. 

Fracture  mschanlos  cannot  be  of  much  use  in  case  of  tha  multiple- load- puth  structure.  The 
time  to  failure  of  the  eeoond  member  haa  to  be  predicted  by  statistical  means .  This  problem  is  beyond  the 
scops  of  a  fracture  mechanics  surrey.  Ths  experimental  work  of  Haller  and  Donat  [53  and  the  theoretical 
work  of  Hellar,  Bailor  and  Freudenthal  [6]  gives  some  ideas  on  this  subjeot.  Seas  of  their  results  are 
presented  hare  in  figure  VA.2.  It  may  be  expected  that  ths  method  reasonably  works  for  a  redundant 
structure  with  many  parallel  members  and  an  establishment  of  a  safe  inspection  period  seems  possible. 
Sometimes  however,  it  is  thought  that  dual  members  oan  provide  fail-safety.  In  that  oase  it  is  virtually 
impoeslhle  to  predict  the  time  to  failure  of  the  second  member,  nor  oan  this  period  be  derived  satisfact¬ 
orily  from  teste (  it  dspsnds  completely  on  scatter  in  fatigue  lives.  This  also  means  that  inspection 
periods  cannot  be  predicted,  which  implies  that  it  ia  more  or  less  a  matter  of  luck  if  failure  of  the 
first  member  is  timely  deteoted.  Therefore  fail-eafety  oan  only  be  obtained  with  a  simple  duel-load  path 
atruotura,  if  a  failed  element  would  be  rsvealed  st  any  routine  inspection. 


fully  used  under  application  of  a  scatter  factor.  (In  the  case  of  s  multiple  load  path  fail-safety  is 
baaed  on  ths  scatter).  Our  increasing  knowledge  will  make  these  methods  mors  and  mors  rational.  A 
multiple  load  path  may  then  be  applied  to  provide  additional  safety  to  a  atruotura  which  is  made  fail¬ 
safe  by  more  predictable  means.  Ths  fail-safe  analysis  will  probably  have  to  ba  supported  by  tests.  Tbs 
nsosssity  of  test  and  ths  requirements  for  useful  teste  will  be  given  attention  too  in  this  volume. 

For  thick  seotion  aircraft  parts,  tha  oritioal  crack  length  is  often  so  small  that  fail- 
safety  oannot  be  obtained  on  tna  basis  of  inapection.  For  these  members  it  may  be  necessary  to  provide 
fail-safety  by  means  of  psriodio  stripping  or  psriodio  proof  testing.  In  order  to  establish  ths  re- 


quired  proof  load  or  the  required  (tripping  depth, information  is  required  about  the  rosidual  strength 
diagram  and  ths  amount  of  orack  propagation  during  thm  interval.  In  this  oass  ons  has  to  completely  rely 
on  fraoturs  msohanios,  sinos  useful  tssts  ara  not  feasible. 

Ths  major  part  of  moat  aircraft  structures  consists  of  stiffsnsd  shoot  struoturss.  In  thass 
structures  ths  critical  oraoV  length  and  ths  orack  propagation  rata  are  usually  of  a  aagnitude  that  allows 
timely  detection  of  oraoks.  This  means  that  ths  greater  part  of  the  aircraft  structure  can  be  made  fail¬ 
safe  on  the  basis  of  ths  easiest  oonospt.  It  will  be  shown  that  oalculation  methods  are  presently  avail¬ 
able  for  a  reliable  oaloulatlon  of  ths  residual  strength  and  a  reasonable  estimate  of  oraok  propagation. 

These  aethods  have  been  recently  developed  and  have  seen  only  limited  application  so  far,  but  they  are 
promising  for  applications  in  future  daiigna.  The  baeio  requirements  for  the  fail-safe  analysis  (residual 
strength  and  oraok  propagation)  will  be  dlsoussad  in  this  chapter  (  VA),  the  analysis  methods  for  real 
struoturss  will  be  dealt  with  in  chapter  VB  (oraok  growth)  and  chapter  VC  (residual  strength). 

Finally  some  attention  has  to  be  given  to  the  osse  of  impact  damage.  Thie  kind  of  damage 
will  have  an  irregular  ahape  and  can  occur  at  a  variety  of  plaoes.  Fracture  mechanice  do  not  yet  provide 
sophisticated  means  for  ths  oaloulatlon  of  ths  residual  strength.  However,  knowledge  of  the  maximum 
allowable  damage  could  be  of  scum  use  for  ths  saboteur  or  the  enemy,  but  it  is  of  lets  use  for  the  air- 
oraft  operator.  An  exception  could  be  made  for  bird  impact  and  for  parte  where  likelihood  of  (predictable) 
impact  damage  exists.  The  solution  of  the  latter  problem  has  to  be  provided  by  sound  engineering  judge¬ 
ment.  Some  information  on  this  problem  oan  be  obtained  from  chapter  VA.3. 

V.A.2  FLAWS  STRAIN  PROBLEMS  IN  HEAVY  MEMBERS  WITH  SURFACE  HANS,  CORNER-CRACKS  AT  HOLES  AND  OTHER 
NATURAL  CRACKS 

V .A. 2.1  Scops 

Application  of  any  fail-safe  oonoept  requires  the  determination  of  the  residual  strength 
under  the  preeenoe  of  oraoks.  The  residual  strength  of  heavy  members,  where  a  condition  of  plane-strain 
prevails  at  the  orack  tip,  oan  be  oaloulated  from  the  plane-strain  fracture-toughness.  The  various 
aapeots  of  fraoturs  toughness  have  been  outlined  in  ehaptarVI,  whereas  chapter VI Ipreeente  detailed  in¬ 
formation  on  fraoturs  toughness  testing  and  data  generation.  In  this  chapter  the  application  of  fracture 
toughness  data  in  fail-safe  problems  will  be  considered!  Seotlon  V.C.3  will  treat  the  residual  strength 
of  heavy  seotions  and  this  aeotion  will  be  oonoemed  with  the  technical  applicability  of  fracture  tough¬ 
ness  data.  It  will  be  tried  to  answer  the  following  questional 

a)  How  useful  is  a  single  value  and  to  what  aoouracy  should  It  be  known? 

b)  Should  valid  data  be  employed  or  are  invalid  data  as  useful? 

o)  May  the  plane-strain  fraoturs  toughness  be  the  basis  for  material  seleotion? 

d)  What  are  ths  limitations  to  the  use  of  K^? 

e)  How  does  K.  apply  for  natural  oracka,  cuoh  a a  surface  flaws,  corner  oraoks  at  holes  and 
how  should  natural  oracka  be  treated? 

The  latter  question  will  be  dealt  with  separately!  the  other  questions  are  related  and  they  will  receive 
attention  in  oonneotion  with  each  other. 

V.A.2. 2  Baeio  fracture  toughness  data 

As  outlined  in  chapter  Vlthere  exist  striot  requirements  for  the  exsoution  of  fracture 
toughness  tests  and  for  tbs  generation  of  valid  K.  data.  Severe  soreening  criteria  set  requirement*  to 
oraok  length  and  specimen  dimensions.  Specimens  smaller  than  the  required  sise  show  toughness  values  which 
depend  upon  the  size  of  the  speoiaan.  Specimens  of  the  required  size  or  larger  will  yield  valid  toughnees 
values  which  do  not  uepend  upon  specimen  size.  This  toughness  value  is  called  K.  and  it  is  considered  a 
material  property  at  a  given  temperature  in  the  sane  way  as  the  tensile  strength:  Invalid  toughness  data 
are  usually  higher  than  KJq. 

It  is  important  to  have  an  invariant  material  parameter  to  rank  materials  according  to  their 
toughness  or  as  a  basis  for  ths  oontrol  of  aatsrial  production.  It  can  also  be  important  if  one  wants  to 
select  s  material  for  a  structure,  ths  dimensions  of  shlchare  not  limited  by  other  oriterla,but  will  depend 
only  upon  the  strength  of  the  material. 

When  dealing  with  a  particular  material  in  a  particular  application  it  is  questionable 
whether  a  valid  K.  should  be  used.  What  is  needed  then  is  a  toughness  value  (K  or  K.  )  for  the 
partlovlar  thickniSe  of  the  struoture  under  ooneideration  and  it  is  immaterial  Afiether  Shis  value  is 
formally  valid  or  not.  (Ths  notation  K  is  used  here  to  indioate  a  toughnees  value  tor  the  opening  mode, 
where  plane  strain  requirements  are  nov  fulfil  led) .  In  fact  ths  designer  needs  toughness  values  for  a 
range  of  thicknesses  of  the  materials  he  consider*  for  application.  Invalid  toughness  values  K  ara 
generally  larger  than  K.  .  Therefore  1L  is  usually  a  safe  and  conservative  value  if  pertinent  “toughness 
data  are  not  available!  however,  thisIiay  not  be  so  in  the  case  of  elliptioal  cracks. 

For  the  high  strength  steals  and  most  of  ths  titanium  alloys  that  find  application  in  air¬ 
craft  struoturss  s  valid  X.  value  will  generally  be  required.  These  materials  exhibit  such  a  low  tough¬ 
ness  that  plans  strain  wili°ooour  already  at  relativsly  low  thickness.  In  aluminium  alloys  thie  will  only 
-----  sscii— s  thick  «'«ta.  fore ins*  or  castings.  Some  of  ths  aluminium  alloys  are  so 

ductile,  that  a  rear  *j  — —  — .  - - _  .  •  •  —  " 

course ,  some  materials  Ire  so  duotile  that  the  use  of  any  toughness  vaTSe  is  meaningless  as  in  the  ease  or 
mild  steel,  but  thie  is  not  yet  the  oaee  for  the  toughness  of  ths  aircraft  structural  materials.  Consequent¬ 
ly,  in  general  an  applicable  K  value  Is  required  for  all  heavy  members  In  airoraft  structures  and  in 
many  oases  this  has  to  be  a  valid  Kj  . 


Heavy  aaotion  aircraft  parti  ari  not  designed  on  the  basis  of  a  crack  oritirion.  Theai 
Maher*  often  oarry  ejch  high  load*  that  super  high  strength  materials  are  needed  to  keep  the  parts  to  a 
reasonable  size  and  weighti  the  oriterion  is  strength.  A  disadvantage  of  these  high  strength  materials  is 
their  low  toughness.  This  means  that  only  very  small  oracks  can  be  tolerated.  Assuming  that  the  fail-safe 
load  is  taken  at  limit  load  and  that  the  undamaged  part  has  a  reserve  strength  of  10  ®/o  with  regard  to 
the  ultimate  load  condition  it  follows  that 

°fail  safe  -  UTS  ,  0.6  Ufa 

*■  o 

and  sine* 

KIo  '  °fall  safe  ^ 

it  turns  out  that 

(2a)e  -  £  (KIo/0./5  OTS)2 

where  (2a)  is  the  oritioal  crack  length.  This  critical  crack  length  la  given  for  a  number  of  aircraft 
materials  ?n  the  table  below. 

TABLE  V.A.l  Tolerable  flaw  size 


Material 

UTS 

kg/sm2  kei 

TVS 

kg/mm2  ksi 

k 

.  ,  3/j 
kg/mm  i 

Io 

ksi /In 

(2a)c 

on  inch 

7075-T6  aluminium 

56 

80 

50 

72 

104 

30 

6.1 

0.24 

2014-T6  aluminium 

47 

67 

59 

41 

105 

30 

8.8 

0.35 

D6  AC  steal 

203 

290 

175 

250 

157 

45 

1.05 

0.04 

4340  stssl 

182 

260 

147 

210 

150 

42 

1.02 

0.05 

Mar aging  (300)  stssl 

185 

264 

173 

248 

290 

82 

4.4 

0.17 

6  A1-4V  titanium 

122 

175 

112 

160 

122 

35 

1.8 

0.07 

4  Al— 4Ho-2So-0. 5  Si 
titanium 

107 

153 

98 

140 

250 

71 

9-6 

0.38 

For  several  materials  the  critical  crack  length  is  extremely  small.  If  the  fail-safe  design 
le  to  be  based  on  crack  detection  then  oraoka  much  smaller  than  the  critical  size  must  be  revealed  by  the 
Inspection  procedure.  In  moat  materials  quoted  in  the  tablo  the  critical  oraok  is  not  likely  to  be  detect¬ 
ed,  let  alone  a  sub-critical  crack.  Therefore,  fail-safety  can  only  be  obtained  by  means  of  periodic 
stripping  or  periodic  proof  testing  (see  sec.  V.A.l).  Again,  it  appears  that  improvement  of  fatigue-crack 
propagation  properties  and  stress-corrosion  orack-propagation  properties  is  more  likely  to  be  beneficial 
than  an  improvement  of  the  fracture  toughness.  Also  the  rate  of  crack  propagation  will  generally  be  a  more 
important  oriterion  for  materials  selection  than  toughness. 

When  the  oritioal  oraok  length  is  so  small  that  fail-safety  on  the  basis  of  oraok  deteotion 
cannot  be  realized,  there  is  a  good  ohance  that  the  part  will  not  be  built  fail-safe  because  periodic 
stripping  or  proof  testing  will  be  too  expensive.  In  that  case  extreme  precautions  will  be  taken  to  ensure 
an  extremely  long  crack-free  service  life,  ouch  that  the  likelihood  of  oracks  occurring  during  the  economio 
life  is  extremely  remote.  Tbit  oan  be  achieved  by  shot  peening  or  coining  areas  of  street  concentration  and 
the  plaatio  expansion  of  holes,  measures  to  introduce  residual  compressive  streesee.  Additional  safety  (not 
fail-safety  In  the  real  sente)  can  then  be  obtained  by  means  of  dual  elements  combined  with  frequent 
inspections. 


If  an  aircraft  part  it  being  designed  fail-safe  in  the  reel  sense  according  to  one  of  the 
oonoepts  discussed  in  section  V.A.l,  information  on  fracture  toughness  is  required  to  establish  the 
residual  strength  properties.  Then  attention  has  to  be  paid  to  the  limitations  of  a  K,  value  and  to  the 
limitations  of  the  use  of  Kjo  and  the  usual  large  scatter  In  toughness  values  should  no?  be  disregarded. 

Hie  fracture  toughness  of  a  oertain  material  depends  strongly  upon  ths  yield  strength.  This 
is  illustrated  in  figure  VA  3  by  data  for  titanium  alloys  aa  compiled  by  Vanhill  f7)  .  Apparently,  it  it 
of  importance  to  use  Kjo  date  for  the  material  with  the  relevant  heat  treatment. 

Still  larger  variations  in  toughness  occur  as  e  result  of  anisotropy.  In  thick  sections  there 
ere  usually  appreciable  differences  in  crack  propagation  properties  and  toughness  in  the  three  directior  j  of 
the  metal.  The  properties  in  the  short  transverse  (thickness)  direction  are  often  by  far  inferior  to  the 
properties  in  the  longitudinal  and  long  transverse  (width)  direction.  For  aluminium  alloy  forgings  of  DTI 
5024,  Peel  and  Forsyth  [8]  found  fracture  toughness  values  of  35.9  ksi  Vin,  19.3  ksi  yin  and  14.8  ksi  Vlii 
for  ths  longitudinal,  transvsrsa  and  ehort  transverse  direction  reepectively  (125,67  and  52  kg/mnV2).  For 
s  Baraging  steel  Payne  fa)  quotes  K.  values  in  the  ehort  transverse  direoticn  of  only  50  °/o  of  those  in 
longitudinal  direction  (see  also  ohapter VI),  These  toughness  variations  arise  from  chemical  banding  and 

orientation  ;f  the  grains  aa  osussd  by  ths  mecnanioai  processing. 

The  inconsistency  of  fracture  toughness  due  to  heat  treatment  and  anisotropy  sets  limitations 
to  ths  usefulness  of  a  single  K.  value.  The  location  of  the  expected  crack  has  to  be  known  and  also  the 
direction  of  the  principal  tensile  stress  to  determine  in  which  direction  the  crack  will  grow.  But  even  then 
there  will  be  limitations,  einoe  oracks  occurring  in  service  are  often  of  a  complicated  geometry  and  occur 
at  locations  with  a  oomplioated  stress  distribution  due  to  the  presence  of  holes  and  Joints.  The  applicability 
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of  data  to  natural  cracks  in  areas  of  atresa  concentration  will  be  discussed  in  tbs  next  section, 
lo 


V.A.2.J 


aurfaoe  flaws,  corner  crac 


In  a  real  h< avy-seotion-structure  tracks  will  often  be  initiated  in  areas  of  stress 
concentration  at  fillets,  holes  eto.  Besides,  cracks  in  heavy  members  will  not  be  through  cracks  but  semi¬ 
elliptical  surface  flaws  or  quarter-elliptical  corner  cracks.  Yet,  the  Kj  fraoture  toughness  values  to  be 
used  were  determined  from  an  edge  cracked  specimen  with  a  through-the-thiSkness  erack.  The  applicability  of 
these  standard  KT  data  to  natural  cracks  is  often  limited.  In  this  section  consideration  will  be  given  to 
surface  flaws,  corner  cracks,  and  to  corner  cracks  at  loaded  and  unloaded  holes. 

There  exists  a  fairly-well-established  method  to  treat  surface  flaws  as  semi-elliptical 
cracks  |i0,ll,12]  .  This  method  has  been  developed  by  Irwin  and  it  is  based  on  the  Green-Sneddon  [14] 
solution  for  an  elliptical  crack  with  a  sharp  front  embedded  in  an  infinite  body.  The  stress  intensity 
varies  along  the  crack  front!  it  is  given  byi 

K  -  %  '/ff»  (*£•  cos  2  0  *  sin2  0)  *  (l) 

r  0 


n  • 


dj*  with  k2 


In  these  equations  a  is  the  semi  minor  axis  of  the  ellipse,  c  is  the  semi-major  axis  of  the  ellipse  and 
0  is  the  angular  coordinata. 


maximum  isi 


The  stress  intensity  will  be  a  maximum  at  the  end  of  the  minor  axis  where  0  -  It/ 2.  This 

ic 


In  case  of  a  semi-elliptical  surface  flaw  the  Tiajor  axis  will  usually  be  along  the  surface  and  the  minor 
axis  will  be  pointing  inward.  Hence  the  maximum  stress  intensity  will  occur  in  the  deepest  point  of  the 
flaw.  The  orack  is  open  at  tns  surface  which  makes  a  correction  to  K  necessary.  This  front  free  surface 
correction  factor  is  taken  [15]  at  1.12.  If  the  crack  protudes  deeply  inward,  the  proximity  of  the  back 
free  surface  will  also  require  a  oorreotion  factor.  This  back  free  surface  correction  faotor  has  been 
determined  by  Kobayashi  et  al  [16]  .  The  factor  depends  upon  the  ratio  between  crack  depth  and^t hickness. 
Consequently  the  maximum  stress  intensity  for  a  surface  flaw  will  bet 

X  -  1.12  xtyr*  (4) 

Finally,  a  plastic  zone  correction  is  often  applied.  This  means  that  £  is  replaced  by  a 
fictitious  crack  depth  a  +  r  where  r  is  the  plastio  zone  size.  The  plastio  zone  size  can  always  be 
given  as  the  ratio  K 2/o2  SultiplieS  by  some  oonstant,  where  0"  is  the  yield  stress.  This  leads  to 

ys  f— - 

X  .  1.12  IL  VWa/C  \ 


with  8  -  f  -  0.212ff2/5^#  j 

a/  is  called  the  flaw  parameter!  it  is  a  measure  for  crack  depth  and  geometry.  Values  for  and  Q  can  be 
obtained  from  figures  VA  4a  and  b. 

For  rare  cases  that  tho  minor  axis  of  the  surface  flaw  is  along  the  surface  and  the  major 
axis  (c)  points  inwardi 

Surface  -».W<r\£7T 
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(the  stress  intensity  at  the  end  of  the  major  axis)  will  be  the  larger  if  ^  a/e  . 

Analysis  of  a  surface  flaw  requires  an  important  assumption.  This  assumption  is  that  fracture 
will  occur  when  somewhere  along  the  periphery  of  the  crack  the  stress  intensity  factor  exoseds  ths  critical 
value,  i.e.  when  the  maximum  stress  intensity  is  equal  to  K.  .  In  general  ths  maximum  stress  intensity  will 
be  at  the  deepest  point  of  the  orack  and  K,  will  than  be  gi$en  by  «.qs  (5).  It  should  be  noted  that  the 
stress  intensity  along  the  rest  of  the  crack  front  is  still  below  Kj  . 

In  a  test  on  a  surface  flaw  specimen  ths  fracture  toughness  would  follow  from  sqs  (5).  As  in 
the  case  of  standard  fracture  testa  screening  oriteria  may  be  set  to  check  the  validity  of  the  results 

:  —  -  »  -  nwAKiimi  w  as  *  inurP  rr_-,izt'd  - < *— < •  m-r  m,ru«  flaws  dm  not  exist,  but  they  would 

probably  amount  to  tne  contusion  iu,  oreu*  ».  — .  —  - _  — . . . . J  *  ~ 

times  the  plastic  zone  size.  However,  then  is  no  strong  demand  for  screening  criteria  for  surface  flaw 
specimens,  since  values  have  to  be  determined  by  means  of  standard  tests  and  not  on 

surface  flaw  specimens.  Surface  flaw  specimens  will  be  tested  for  their  relevance  in  a  oertain  application! 
then  the  specimen  will  also  be  given  a  relevant  thickness  and  the  toughness  value  obtained  is  ths  piece  of 
data  needed,  whether  valid  or  not. 

Reversely,  the  residual  strength  of  a  surface  flaw  specimen  oan  be  determined  from  a  given 
Kt  value  determined  from  a  standard  test.  The  flaw  shape  ham  to  be  estimated  and  the  flaw  parameter  a/C 
ii° determined  for  the  case  c/c  -  0.  A  first  estimate  of  the  residual  strength  is  then  obtained  from 


•qs  (5).  This  allow*  calculation  of  C/C  and  a  acre  accurst*  determination  of  a/c,  *te.  The  iteration 
ne*d  net  b*  carried  through  if  the  plaific  tone  correction  it  neglected  (i.e.  only  the  caee  <7/ IT  0  is 
oonaidar  .1  ■ ,  which  it  usually  satisfactory  because  of  the  inaccuracies  in  the  estimated  flaw  shape. 

The  question  arises  whether  standard  Xj  values  can  indeed  be  used  to  calculate  the  residual 
strength  in  the  cat*  of  surface  flaws  and  other  crac£  geometries.  The  problem  was  studied  by  Broek  et  al 
[n]  in  an  experimental  investigation.  The  results  for  surface  flaw  specimens  are  shown  in  figure  I I A  5. 
Analysis  of  the  data  of  Randall  fio)  and  Smith  et  al  [lS]  reveals  similar  trends,  although  these  data  are 
too  limited  for  an  appraisal  of  this  particular  problem.  The  solid  line  drawn  in  l igure  IIA  5  represents 
the  predicted  residual  strength  for  varioue  values  of  a/C  on  the  basis  of  Xjc  -  1C4  kg/mra^  (30  kaii/Tn) 
determined  in  a  standard  teat.  The  dashed  cu-ves  are  based  on  two  other  values  of  Xj  .  Actual  test  results 
of  surface  flaw  specimens  are  also  shown  and  it  is  indicated  whether  these  results  wSuld  have  complied 
with  an  arbitrary  screening  criterion  for  validity.  It  appears  that  the  residual  strength  data  of  the 
surface  flaw  specimens  fall  on  four  separata  lines.  These  curves  intersect  the  three  conetant-Kj  curves. 
This  indicates  that  surface  flaw  specimens,  even  if  all  are  of  the  same  thickness,  do  not  show  a°constant 
K.  ,  since  oonstant  1C  curves  do  not  intersect  (see  fig.  VA  5).  It  mean*  that  X.  of  a  surface  flaw 
spScisen  depends  upon  flaw  shape  and  it  is  not  a  universal  residual  strength  parameter  for  this  kind  of 
crack. 


Yet,  the  residua,  strength  values  of  the  surface  flaw  specimens  are  not  excessively  far  off 
the  standard  X,  valu*.  Therefor*  a  prediction  on  the  basis  of  a  standard  Xjo  will  be  satisfactory  for 
engineering  purposes,  particularly  in  view  ofi  v 

1_  The  feet  that  the  flaw  shape  parameter  for  a  certain  thickness  is  usually  limited  to  a  fairly  small 
rang*  (cf.  fig.  VA  5). 

£  Tbs  scatter  in  standard  Xjq  values. 

^  The  inaccurate  knowledge  of  the  flaw  geometry. 

In  the  following  it  will  appear  that  X.  can  be  used  also  for  mors  complicated  natural-crack  geometries. 
In  order  to  present  soma  insight  into  tSs  limitations  it  will  first  be  explained  why  a  constant  Kjq  for 
surface  flaws  doss  exist  basically. 

Th*  stress  intensity  varies  along  the  contour  of  an  elliptical  crack.  It  in  assumed  that 
fraoture  will  occur  when  the  stress  intensity  st  the  end  of  the  minor  axis  equals  X  ,  while  the  stress 

larger  th#  differences  in  X  aloRg  the  crack  front 
X,  is  exceeded  over  some  distance  along  the  crack 
front.  Then  the  maximum  K  will  b*  already  larger  than  °Kjc  to  an  amount  depending  upon  crack  shape. 

As  discussed  earlier  there  is  s  strong  anisotropy  in  fracture  toughness.  At  the  end  of  the 
minor  axis  th*  crack  usually  grows  in  thickness  direction.  At  the  end  of  th*  najor  axis  the  crack  has  to 
grow  in  width  direction  whsr*  X.  is  substantially  larger  (and  the  stress  intensity  lower).  Consequently, 
when  crack  extension  is  pron*  at°ths  end  cf  the  minor  sxis  it  is  still  remote  st  the  end  of  the  major 
axis.  This  effect  will  be  small  when  a/c  is  small  sines  crack  growth  will  than  be  mainly  in  thickness 
direction.  Consequently  the  fracture  toughnees  in  case  of  surface  flaws  will  depend  upon  flaw  shape  and 
it  will  be  higher  than  X.  in  thickness  direction  and  lower  than  X.  in  width  direction.  The  more 
elongated  the  ellipse,  t&8  closer  the  toughness  w-11  be  to  X,  in  tSickness  direction.  This  effect  has  Co 
be  accounted  for  in  leak  before  break  criteria  for  pressure  vSssels. 


intensity  at  other  locations  is  still  below  X.  .  The 
(small  a/c)  the  more  fraoture  will  be  delayed  until 


A  quarter  elliptioal  corner  crack  ben*-*  great  resemblance  to  s  semi-el liptioal  crack  and  it 
oan  he  treated  in  exactly  the  same  way  [17]  .  In  practice  cracks  often  occur  as  a  result  of  stress 
concentrations  in  fillets  or  st  holes.  When  the  cracks  sre  extremely  small,  th*  best  procedure  is  to  us* 
th*  actual  stress  (nominal  stress  times  stress  concentration  factor)  in  th*  expressions  for  th*  stress 
Intensity  factor  (17]  .  When  tbs  cracks  have  grown  out  of  the  area  of  stress  concentration  nominal 
stresses  can  be  used  again  in  css*  of  very  mild  notches  (s.g.  at  fillets). 


In  csss  of  sharper  notches  tbs  notch  can  become  part  of  th*  orack,  i.s.  th*  part  will  act  as 
if  containing  a  fictitious  orack  of  a  length  equal  to  the  sum  of  the  physical  orack  and  the  size  of  a 
notch.  For  th*  special  case  of  crack*  at  holes  it  has  been  demonstrated  by  Bowi*fl9j  that  the  hole  acts 
as  part  of  ths  crack  when  th*  crack  length  is  in  the  order  of  magnitude  of  tbs  bol*  radius.  In  csss  of  a 
through  th*  thickness  crack  of  length  £  growing  at  ons  side  of  a  hols  of  diameter  d,  there  will  be  an 
effeotiv*  total  length  of  orack  of  2a  ^  •  a  *  d.  This  oas*  will  rscsivs  ample  attention  in  section  VA  3. 


Cracks  at  hols*  in  heavy  sections  will  usually  bs  corner  oracks.  When  small,  the**  cracks  can 
bn  treated  as  oorner  oracks  under  stresses  magnified  by  s  stress  concentration.  Whan  the  creeks  are  larger 
ths  hols  oan  bs  satisfactorily  considered  as  part  of  ths  crack  in  ths  way  [17]  as  shown  in  figure  VA  6. 
Ths  maximum  stress  intensity  factor  at  ths  physical  part  of  this  fiotitiou*  orack  will  be  at  point  A.  The 
stress  intensity  factor  follows  frost 

x  .  1.2  a<ryW« 


with 


t-1 


(d-q)*  (dq) 
t  4dq  [4p“  ♦  (d-q)~J 
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(d+q)2  ^ 
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d,  p  sad  q  are  defined  in  figure  IIA  6  and  Q  follows  from  figure  IIA  4  with  s/2o  „  Th*  front  free 

surface  correction  has  been  taken  st  1.2  in  order  to  account  for  th*  greater  compliance  of  the  hole  in 
comparison  with  a  real  crack. 


Broek  et  al  fl?]  tested  specimens  with  corner  cracks  at  loaded  and  unloaded  holes.  Figure 
VA  7  shows  how  th***  results  compare  with  thorn*  of  ths  surface  flaws,  which  wars  presented  earlier  in 
figure  VA  5*  I*  turns  out  that  ths  procedure  described  above  is  a  good  engineering  method  to  predict  the 


flO.  V  A  •  VARIATION  IN  FRACTURE  TOUGHNESS  OF  NATURAL  CRACKS  [17]  (SPECIMEN  WIDTH  100  mm 
OR  40  mm,7075-T6>. 


FIG.  V  A  9  RESIDUAL  STRENGTH  IN  CASE  OF  NON -VALID  TESTS  [17]  2024- T  3  PLATE 
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etatio  strength  of  oorner  o rooks  at  holts  on  tht  bsols  of  standard  fraoturs  toughness  data. 

Tht  variation  of  fraoturs  toughness  as  observed  In  the  tests  on  spsoimtns  with  natural 
oraoks,  referenced  in  the  preceding  paragraphs,  can  be  appreciated  from  figure  IIA  6.  It  should  be 
emphasised  that  the  variation  depends  upon  the  material,  sinoe  it  is  closely  related  to  the  anisotropy 
in  fraoture  toughness. 


Xn  very  duotile  materials  some  slow  craok  growth  msy  ooour  before  fraoture.  This  means  that 
no  real  plant  stress  fraoture  toughness  is  applioable.  In  that  oast  one  can  determine  a  fraoture  tough¬ 
ness  from  the  5  °/o  secant  off-set  of  the  oraok  opening  displacement  ourve  (see  ohapter  V).  Application 
of  this  fraoturs  toughness  value  nay  be  very  conservative ,  sinoe  the  specimens  oan  bear  more  load 
before  fraoture  ooours.  In  that  oase  one  may  use  a  X  value  baaed  on  the  real  fraoture  stress,  instead 
of  X.  .  Figure  VA  9  shows  that  application  of  euoh1!  X.  value  for  thick  seotions  may  work  very  well 
for  Natural  oraoks  in  a  duotila  aluminium  alloy. 


V  .A. 2.4 


A  ohoioe  of  a  material  in  a  certain  application  requires  knowledge  of  valid  K.  data,  whioh 
allows  a  fair  comparison  of  materials.  Use  of  valid  X.  data  of  parts  of  sub-oritioal  thickness  will 
generally  give  a  safe  estimate  of  the  residual  strength  or  the  oritioal  oraok  length.  For  parts  of  sub- 
oritioal  thiokness  designed  in  high  toughness  materials,  the  use  of  X.  may  be  too  conservative  and  an 
invalid  K.  or  Xa_  say  be  more  adequate  to  the  situation.  0 

W  10 

t«avy-seotions  of  forgings  or  plate  usually  show  a  very  large  anieotropy  in  fraoture  tough¬ 
ness.  Only  tl. >se  KJo  data  should  be  used  whioh  era  relevant  for  the  ezpeoted  direction  of  oraok  growth. 

Surfaoe  flaws,  oorner  oraoks  and  other  natural  oraoks  at  holes  or  notohes  oan  be  treated 
reasonably  wall  with  X.  data  obtained  from  standard  testa.  From  an  engineering  point  of  view  the  in- 
aoouraoies  of  this  procedure  are  not  large,  particularly  beoause  the  inoonsistenoy  of  X.  due  to  material 
variations  and  anisotropy  introduossmuoh  larger  uncertainties.  0 


V.A.  3  PLANE  STRESS  AND  TRANSITIONAL  MODES j  SHEETS 
S.  Broek. 


V .A. 3,1  Introduction 

A  generally  aooapted  method  for  plane  stress  toughness  testing  and  presentation  of  results 
does  not  exist.  This  is  due  to  our  diffioulties  in  understanding  the  observed  phenomena.  By  far  the 
greatest  part  of  airoraft  structures  oonsist  of  sheet  and  sheet  structures  and  consequently  the  plane 
stress  problem  is  of  paramount  importance  for  airoraft  fail-safety.  Fortunately,  a  useful  engineering 
solution  for  the  plane  stress  problem  is  readily  available*  the  residual  strength  of  a  built-up  sheet 
structure  with  a  oraok  oan  be  aoourately  predioted  (o.f.  ohapter  V,  C.l)  on  the  basis  of  the  residual 
strength  of  the  oomparable  unstiffened  panel.  There  remain  some  problems  in  the  oresentation  of  un- 
stiffened  panel  data,  but  as  pointed  out  in  this  ohapter,  these  oan  be  treated  satisfactorily  in  an 
engineering  way,  although  further  developments  are  neoessary. 

The  various  possible  approaches  to  the  plane  stress  problem  and  the  residual  strength  of 
oraoked  sheets  were  discussed  extensively  in  ohapter  V.A.  They  will  not  be  repeated  in  detail  here. 

Rather,  this  ohapter  will  deal  with  the  most  rational  engineering  approach,  particularly  with  respeot  to 
its  applicability  to  the  problem  of  built-up  sheet  structures.  In  prinoiple,  it  is  immaterial  to  the 
teohnioal  problem  of  a  built-up  struoture  (ohapter  V.C.l),  by  whioh  method  the  unstiffened  panel  is 
treated,  but  presentation  in  terms  of  X  appears  to  have  advantages.  Therefore,  this  ohapter  is  ooneern- 
ed  particularly  with  this  approach.  Note?  X  will  be  used  here  for  the  opening  mods  (mode  l)  plane  stress 
fraoture  toughness  in  analogy  with  for  mode  1  plans  strain  fraoture  toughness. 

After  a  brief  phenomenological  description  of  the  plane  stress  fraoturs  process,  the  X 
approaoh  is  evaluatedi  brief  consideration  is  given  to  other  methods.  The  final  part  of  the  ohapter10 
deals  with  teohnioal  plane  stress  problems  euoh  as  oraoks  emanating  from  holes,  the  effeotivity  of  stop 
holes  and  the  implioations  of  intermittent  slow  craok  growth. 

v.a. 3.2  An  iMtomias jgaasaai  at,  jtem 

Consider  a  sheet  with  a  oentral  transverse  oraok  2a  loaded  in  tension  at  a  nominal  stress  <r 
(Fig.  VA  IQ),  The  stress  oan  be  raised  to  a  value  O',  at  whioh  the  oraok  will  start  to  extend  slowly 
(20j  .  This  slow  oraok  growth  is  stable*  it  stops  immediately  when  the  load  is  kept  constant.  Although  the 
oraok  is  longer  now,  a  higher  stress  is  required  to  maintain  its  propagation.  Finally,  at  a  oertain 
oritioal  stress  <r  a  oritioal  oraok  length  2aQ  is  reached,  where  oraok  growth  beoomee  unstable  and  sudden 
total  fraoture  of°the  sheet  results.  When  ths°initial  oraok  is  longer,  oraok  growth  starts  at  a  lower 
stress  and  also  the  fraoture  stress  (residual  strength)  is  lower,  but  there  is  mors  slow  oreck  growth 
(fig.  VA  10). 


As  a  first  approximation  it  oan  be  assumed  that  all  events  in  oraok  propagation  and  fraoture 
in  plane  stress  are  diotated  by  tho  stress  intensity  factor.  One  may  label  eaoh  event  desoribed  with  a 
pertinent  value  of  tha  stress  intensity  factor  by  means  of  one  of  the  following  expressions* 

Ku  -  aC Klc  «  a<roVrTo,  -  a  < ToV^  (?) 

In  these  equations  a  is  a  faotor  that  depends  upon  panel  geometry  and  size.  Instead  of  using  the  natural 
oraok  size  4  the  effective  oraok  size  a  +  r  could  be  used  in  the  equations,  r  being  the  plestio  zone 
size,  but  it  will  appear  in  the  course  of  pthiz  section  that  the  plastio  zonepoorreotion  is  not 


neoessary  in  tha  engineering  approaoh. 

Teats  (11,20,21,22]  have  shown  that 
Ilka  K.  .  To  a  first  approximation,  however,  thay 
of  oraoS  lengths  and  for  a  given  panel  size*  K  appears  to  depend  on  panel  size  aa  ia  shown  in  figure 
VA  11.  It  turns  out  that  X  is  lower  for  narrow  panels  and  gradually  inoreasea  to  a  constant  value  beyond 
a  certain  panel  size.  This  constant  value  for  large  panels  is  oonsidered  here  to  he  the  real  K  of  the 
material  at  a  given  thiokness.  The  reason  why  smaller  panels  exhibit  lower  X  values  will  be  explained 
later  in  this  ohapter. 


X  .,  X  and  X  are  not  constants  with  general  validity 
are  oonltant  for  a  given  thiokness.  for  a  limited  range 


For  the  design  of  a  sheet  structure  of  a  given  size,  one  needs  access  to  X  data  for  a 
variety  of  thicknesses.  Feddersen  [25]  has  proposed  a  method  for  data  analysis  and  presentation,  which  is 
particularly  rational  and  useful  for  engineers  and  designers  [26]  •  For  panels  wide  enough  to  produoe  the 
real  X  the  relation  between  the  residual  strength  and  the  oraok  length  oan  be  represented  by  the  ourve 
shown  18  figure  VA  12.  Also  shown  in  figure  VA  12  is  a  straight  line  representing  the  line  for  net 
seotion  yielding!  at  all  points  of  this  line  the  net  stresses  on  the  unoraeked  ligament  of  the  specimen 
are  above  yield.  The  shaded  areas  indioate  the  regions  of  oraok  sizes  at  whioh  net  section  stresses  above 
yield  would  be  required  to  oause  fracture  at  the  given  X  .  Sinoe  stresses  above  yield  oannot  ooour, 
fracture  in  these  regions  will  occur  at  stresses  lower  ton  those  predicted  by  X  ,  i.e.  the  specimens 
will  exhibit  an  apparent  toughness  lower  than  X  . 


Many  theoretical  analyses  have  been  developed  to  aooount  for  this  discrepancy,  but  theae 
have  failed  to  oonsolidate  the  data  into  a  meaningful  form  over  the  full  range  of  oraoks.  Thus,  there 
remains  to  reduce  the  data  to  a  simple  general  form  for  engineering  applioations.  Feddersen  [25]  argues 
that  the  two  linear  tangetts  to  the  idealized  X  ourve  (fig.  VA  12)  oan  be  used  to  establish  a  smooth 
and  continuous  ourve  for  the  residual  strength,  whioh  he  supports  by  extensive  test  data  [27]  .  One 
tangent  to  the  K-ounre  is  drawn  from  the  point  <X  -  O  where  O'  is  the  yield  strength,  the  other  tangent 
is  drawn  from  the  point  2a  *  w,  the  speoimen  width.  y 


A  tangent  to  the  X  ourve  at  any  point  isi 


For  the  tangent  through  (<r  ,  0) 


dfe  *  d&y  {$rr)  *  -  & 

(8) 

this  yields  (see  fits.  IIA  12)  1 

la 

4a,  2a,  1  3  ye 

(9) 

Thie  implies  that  the  left-hand  tangenoy  point  always  is  at  two  thirds  of  the  yield  stress,  independent 
of  K.  For  the  tangent  through  (0,w)  it  follows  that 


w-2a_ 


or 


2»,  ■  w/3 


(10) 


whioh  lndioates  that  the  right  hand  point  of  tangenoy  is  always  at  a  total  oraok  length  of  one  third  of 
the  speoimen  width.  These  prooedures  oan  be  applied  to  all  events  in  the  prooess  of  plane  stress  cracking, 
i.e.  to  X,.  as  well  as  to  K  .  and  X4.  as  amplified  in  figure  VA  13. 

*0  f  1  19 

It  appears  that  this  method  of  analysis  is  very  useful  as  oan  be  appreoiated  from  the  test 
data  in  figure  VA  14.  Evidently,  K  .,  X  or  X  have  to  be  determined  from  those  test  results  for  whioh 
<r  <  2/30T  and  2a<w/3,  otherwise  irrelevant  X  values  would  be  obtained.  The  two  tangents  to  tha  ourve 
hive  no  sound  physical  basis,  but  thay  are  simple  and  useful  in  an  engineering  analysis.  X  and  X  appear 
to  be  approximately  constant  for  a  United  range  of  oraok  lengths.  However,  it  is  exactly ’this  range  of 
oraok  lengths  that  is  of  praotioal  importance.  Craoks  for  whioh  O'  >  2/3 CT  are  very  small  craoke  for  a 
sheet  structure  and  often  below  the  deteotlon  Unit  (beoause  they°are  still  hidden  by  other  parts  of  the 
built-up  struoture).  Oraoks  longer  than  w/3  will  never  be  allowed  in  large  built-up  struotures.  In  the 
useful  range  of  oraok  lengths  the  plastlo  sons  oorreotion  to  the  oraok  length  does  not  really  improve  the 
situation  of  constant  X  [25]  and  it  unneoesssarlly  complicates  the  simple  engineering  method.  Sinoe 
there  are  no  aound  arguments  in  favour  of  the  application  of  the  plastio  zone  oorreotion  it  should  rather 
be  omitted. 


The  versatility  of  Peddsrseife  method  is  in  the  fact  that  it  allows  very  simple  presentation 
of  plans  stress  fracture  toughness  data,  whioh  has  long  seemed  impossible.  The  mere  presentation  of 
values  for  X4l,  X  and  X  allows  the  user  to  establish  the  oomplete  residual  strength  diagram  for  any 
given  panel  lias.1  This  ft  outlined  in  figure  VA  15.  The  residual  strength  for  various  oraok  sizes  oan 
be  determined  from  the  X  or  X  value.  A  tangent  to  the  ourve  oan  be  drawn  from  a  to  2/3  O’  and  for 
any  given  panel  width  tangents  can  be  drawn  from  w  to  w/3. 


There  exists  a  certain  minimum  panel  size  w  .  where  the  two  points  of  tangenoy  ooinoide. 
Below  that  panel  size  the  residual  strength  is  determinancy  the  net  seotion  yield  oriterion.  Panels 
should  have 
determined. 


a  certain  minimum  sise  in  order  to  provide  useful  X  and  X  data.  The  minimum  size  oan  be 
From  X  « <ryirk  it  follows  that  the  left  point  of  tangenoy  fs  given  hyi 


2/3  or  2a1  , 


(11) 


-  2Zj  or  with  (ll) 


For  tha  two  points  of  tangenoy  to  oolnoidei  l/3  w 


13V 


if  .iltlA 

"■in  Ztt  &  2 


The  eoreening  requirements  for  valid  plan*  strata  fraoture  toughness  tasting  follow  from  these  considerat¬ 
ions.  In  faot(  the  only  soreening  requirements  are  on  oraok  length  and  stresst  namelyt 

C ro < 2/3CTb  and  2a < w/3  ( 1 3; 

The  latter  of  the  two  oan  he  satisfied  fairly  easily  by  an  appropriate  ohoioe  of  a/w.  If  the  test  yields 
a  fracture  stress  below  2/301.  the  test  is  valid  and  a  useful  X  value  oan  be  oaloulated.  If  for  oracks 
as  large  as  2a  ■  w/3  still C"  =  2/3CT  the  panel  was  too  snail?  When  a  X  value  for  such  a  test  is 
oaloulated  this  apparent  X  °will  be  than  the  real  X  (dashed  line  through  point  A  in  fig.IIA  15)  ■ 

whioh  explains  the  trend  ifi°apparent  X  -data  as  given  by  figure  VA  11.  (WAHBINOi  If  this  too  low  X 
value  were  substituted  in  eq  (12)  a  too0 snail  w  .  would  be  found  and  the  teat  result  night  erroneous?y  be 
oonsidsred  valid.  The  size  requirement  is  iaplisJTin  eq  (13)  and  therefore  eq  (13)  is  a  sufficient  soreen¬ 
ing  oriterion. 

With  eq  (12)  ainiaum  panel  sises  oan  be  oaloulated  from  valid  X  values  for  the  three  alloys 
dealt  with  in  figure  IIA  11.  These  niniaua  sites  are  approximately  520  on  for°the  2024  alloy  and  135  »n  and 
110  sn  respeotively  for  the  two  7075  alloys.  The  ourves  in  figure  VA  11  indicate  that  a  panel  site  of 
110  an  for  the  7075  material  is  still  toe  small.  This  is  due  to  the  fact  that  there  is  a  problem  in 
accurately  determining  X  ,  sines  measurement  of  the  oritioal  length  ie  difficult.  As  the  oritioal  fraoture 
condition  is  approached,  oraok  growth  gradually  accelerates  from  a  low  rate  to  a  high  rate.  Consequently, 
a  unique  designation  of  the  oritioal  oraok  length  is  diffioult  and  measurements  of  the  oritioal  crack 
length  are  subjective  and  liable  to  have  very  low  accuracy.  Therefore  X  is  usually  a  lest  reliable 
quantity  than  K^.  4 

This  any  seem  somewhat  alarming,  but  it  is  not  really  of  great  importance  in  praotice.  For 
an  imatiffaned  panel  the  residual  strength  should  be  oaloulated  on  the  basis  of  X  ,  beoause  it  is  the 
initial  oraok  length  that  is  given  by  the  fatigue  oraok  and  that  is  detectable  at48n  inspection.  It  is 
inmaterial  that  this  oraok  grows  slowly  to  2a  before  fraoture.  The  only  thing  that  matters  is  whioh  load 
or  stress  onuses  the  panel  to  fail  under  the  presenoe  of  the  given  fatigue  cracks.  For  the  oaloulation  of 
the  residual  strength  of  a  stiffened  panel,  use  has  to  be  made  also  of  X ,  and  X  as  will  appear  in 
chapter  V.0.1.  It  turns  out,  however,  that  in  ease  of  stiffened  panels  some  unoi?tainty  in  X  usually 
does  not  affeot  the  result  too  muoh,  sines  stringer  failure  appears  often  to  be  the  oritioal  I9ent 
(chapter  V.C.l). 

An  important  observation  to  be  made  from  this  analysis  is  that  high  toughness  material  oan 
appear  more  oraok  sensitive  than  low  toughness  materials,  in  oase  the  panels  are  smaller  than  w  .  .  This 
is  depiotsd  in  the  insert  of  figure  VA  15.  The  material  with  yield  strength  at  B  has  a  higher  Tifighness 
than  the  material  with  yield  strength  C  and  henoe  it  will  have  superior  oraok  resistance  in  oase  of 
large  panels.  However,  for  panel  sises  w,  and  smaller  this  material  is  inferior,  since  the  residual 
strength  is  determined  by  net  seotion  yield  (dashed  line  B-w,  is  below  solid  line  C-w.).  This  is  a  well- 
known  effeot  [28]  and  it  is  also  refleoted  by  the  intersection  of  the  apparent  X  ourves  for  the  2024  and 
7075  alloys  in  figure  VA  11.  Henoe,  for  the  applioation  in  small  panels  or  shed?  structures  (e.g. 
stringers)  a  low  toughness,  high  yield  strength  material  may  exhibit  a  higher  residual  strength  than  a 
high  toughness,  low  yield  strength  material.  The  latter,  however,  will  probably  show  lower  fatigue  crack 
propagation  rates  and  may  still  be  preferable  in  a  fail-safe  design. 

In  oonoluaion  it  oan  be  stated  that  the  availability  of  valid  X  and  X  values  allows  the 
user  to  establish  the  residual  strsngth  for  any  pansl  sis#  inoluding  panels  Smaller  than  w  .  since  the 
latter  will  fail  at  net  seotion  yield.  uin 

v  .4.3.3  Ttw  .iflfiBt  9f,  shift  .ithtntom 

It  turns  out  that  the  values  of  X  and  X  depend  upon  thioknees.  This  has  been  amply 
disoussed  in  ohapter  IV.  It  will  be  insuffioient°to  prelent  a  single  set  of  K  . ,  K  ,  and  X  values  for 
a  particular  sheet  material.  Bather  a  graph  should  be  given  on  how  tbses  toughness  par ametePe  vary  with 
thioknees  in  the  wey  shown  in  figure  VA  16.  Thicker  plates  lead  to  lower  values  of  K  and  X  and  the 
two  ourves  merge  at  large  thioknesses  to  the  plane  strain  fraeturs  toughness  K.  .  K  4*s  oft*n°considered 
independent  of  thioknees.  0 

It  is  generally  assumed  that  there  is  en  optimum  sheet  thioknees,  giving  a  maximum  toughness. 
Suoh  a  maximum  is  depiotsd  in  figure  VA  Ids  at  tbs  optimum  thioknees  of  0,08  in,  but  not  in  figure 
VA  ldb.  Most  results  reported  in  the  literature  (?0, 23, 29, 30, 3y  show  s  maximum  or  suggest  there  is  one 
[23,323  •  The  ooourrsnos  of  a  maximum  oan  be  mads  plausible  in  the  following  way. 

First  note  that  the  stresses  in  the  plastie  sons  at  the  very  oraok  tip  are  always  in  the 
order  of  1.15  <r  in  plane  stress  and  in  tbs  order  of  iff  in  plane  strain,  whsre  CL  is  the  uni-axial 
yield  stress.  7  These  stresses  at  the  oraok  tip  ars  itrraot  independent  of  ths  external  stress  end  the 
oraok  length.  Than  ths  oriterion  for  fraoture  is  ths  exoetdanoe  of  s  oritioal  strain  at  ths  oraok  tip. 
Consider  four  panels  of  thioknesses  By  B^,  By  By  All  panels  have  ths  same  length  of  oraok  and  ars 

loaded  to  ths  same  stress  Ct «  all  panels  are  at  the  same  stress  intensity.  Consequently,  the  sics  of  ths 
plaatio  sons  is  the  same  In  all  panels.  This  is  depiotsd  in  ths  lower  line  of  figure  VA  17,  whioh  shows 
through  the  thioknees  seotionc  of  ths  four  spool  sens)  the  height  of  the  plaatio  sones  at  ths  stress  O',  is 
indicated  by  ths  daahad  area.  1 

In  panels  B2,  B3,  B4  ths  height  of  ths  plaatio  sons  is  still  smaller  than  ths  thioknees.  This 
implies  that  yielding  in  thickness  dirsotion  oannot  taka  plaoe  freely,  but  is  restrained  by  the  surrounding 
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elastic  material |  i.e.  there  exists  a  state  of  plane  strain.  In  panel  B1  the  plastio  cone  is  ei.-aal  to  the 
thickness  and  yielding  in  thiokness  direotion  experiences  no  restriotion.  That  means  that  a  state  of 
plane  stress  oan  fully  develop  in  panel  B1  and  the  plastio  zone  in  B1  will  from  now  on  be  larger  than  in 
the  other  panels. 

Inorease  of  the  stress  to  <7.  will  oause  failure  in  panel  B4,  beoause  strains  and  stresses 
are  large  enough.  Panel  B3  is  in  the  ease  situation  as  panel  B4  and  it  is  likely  that  some  crack 
propagation  will  ocour  in  the  interior  of  panel  B3.  Yet  this  panel  does  not  fail  due  to  the  effect  of  the 
regions  of  plane  stress  whioh  exist  near  the  specimen  surface  (sinoe  a  stress  perpendicular  to  the 
surface  cannot  exist)  and  whioh  are  relatively  influential  in  this  thinner  panel.  Also  panel  B2  is  in  the 
same  situation,  but  this  panel  has  a  thiokness  just  equal  to  the  size  of  the  presently  existing  plastio 
zone,  whioh  implies  that  plane  stress  will  now  develop  in  panel  B2. 

Further  inorease  of  the  stress  will  oause  failure  in  panel  B3  at  a  stress  C..  At  O. the 
strains  at  the  oraok  tip  in  panel  B1  will  be  so  large  that  failure  ooours.  The  strains  in  panel^Bl  have 
been  larger  than  those  in  panel  B2  from  the  stress  C,  onwards.  Therefore  the  strains  in  panel  B2  will 
still  be  insuffioient  for  fracture  although  the  stresses  will  be  approximately  the  same  as  in  Bl.  Failure 
of  B2  requires  a  further  inorease  of  the  stress  to  Og. 

Panels  of  a  thiokness  larger  then  B4  will  behave  similarly  as  B4  and  fail  at  the  stress  cr.  • 
This  is  the  domain  of  plane  strain  fraoturea  where  valid  X.  data  oan  be  obtained.  The  maximum  residual 
strength  will  be  reached  by  the  panel  that  develops  full  plane  stress  just  at  the  stress  at  whioh  plane 
strain  panels  fail,  i.e.  B  -  r  .  Thinner  panels  will  always  have  higher  strains  and  will  fail  at  lower 
stress.  The  maximum  may  not  always  show  up  in  praotioe,  sinoe  very  thin  sheets  nay  have  somewhat  different 
properties  than  thicker  sheet  due  to  proeessing  or  oold  work,  whereas  it  has  been  assumed  in  the 
discussion  that  the  miorostruotural  properties  would  be  identical  for  all  thiokaesses. 

As  shown  in  figure  VA  17  the  shape  of  the  residual  strength  ourve  is  assooiated  with  a 
transition  of  fracture  node.  This  fracture  mode  transition  oan  be  explained  (30,33]  on  the  basis  of  a 
ohange  of  planes  of  maximum  shear  stress. 


V.A.3.4  Other  methods  of  analysis 


Various  other  methods  for  the  analysis  of  plane  stress  data  were  dlsoussed  already  in  ohapter 
IV  Some  of  these  methods  were  designed  as  engineering  oonoepts,  such  as  the  notoh-etrength  analysis  of 
Kuhn  and  Figge  (36J  ,  the  oraok  strength  analyse  developed  by  Kuhn  [37]  .and  the  effeotlve  width  oonoepts 
proposed  by  Criohlow  [38]  and  Chrieteneen{)9]  and  Ohristehean  and  Denka  ’  [23]  .  The  engineering  method  of 
Fedderson  is  preferable,  beoause  g  the  use  of  X  gives  it  a  direot  relation  to  well-established  fracture 
mechanics  oonoepts  of  plane  strain  fracture  and  fatigue  ormok  propagation,  fe  the  use  of  K  gives  the 
method  a  great  versatility  sinoe  the  results  oan  easily  be  transferred  to  other  panel  geometries,  even  to 
suoh  oomplioated  things  as  built-up  stiffened  struotures  and  sandwioh  panels,  &  none  of  the  other  methods 
gives  consistently  better  results  (40,41]  . 


Still  two  other  analyses  methods  are  the  energy  balanoe  oonoept  and  the  orltloal-oraok- 
opening- displacement  oonoept.  These  two  methods  will  be  outlined  very  briefly  here,  beoause  of  their 
latent  possibilities  to  be  applied  to  stiffened  panels  (26,4?J  and  beoause  the  energy  oonoept  oan  explain 
bom  typioal  phenomena  to  be  dlsoussed  in  the  last  two  emotions  of  this  ohapter  V.A.3.  For  a  detailed 
discussion  of  all  plane  stress  analysis  methods  the  reader  is  referred  to  ohaptsr  Viand  to  reviewing 
papers  (40, 41]  , 


Aooordlng  to  theonergy  oonoept  there  is  a  oontlauous  balanoe  between  released  and  oons urned 
energy  during  slow  stable  oraok  growthi  if  there  were  no  balanoe,  then  either  oraok  growth  would  stop  or 
beoome  unstable,  consequently,  the  energy  release  rate  0  («  -hP/&a)  equals  the  energy  consumption  rate 
R  (whk/da),  i.e. 

0  ♦  R  .  0  (14) 


where  0  is  released  elastio  energy  and  R  is  plastio  energy  oonaumed  in  the  plastio  sons  ahead  of  the 
advanoing  oraok,  0  oan  be  measured  during  oraok  growth  and  an  lnoreasing  0  appears  to  be  required  to 
maintain  slow  growth.  Apparently,  the  energy  consumption  R  laoreaees  ae  the  oraok  prooeads.  Aooordlng  to 
eq  (14)  the  instantaneous  values  of  0  during  oraok  growth  will  indicate  how  R  depends  upon  oraok  else. 

R  appears  to  inorease  during  slow  oraok  growth  as  depleted  diagrammatise! ly  in  figure  VA  10.  Also  shows 
in  figure  VA  10  are  linee  indioating  how  0  depends  upon  oraok  else  end  applied  stress. 


During  slow  oraok  growth  both  0  and  X  fellow  the  lino  AM,  aooordlng  to  eq  (14),  After  e 
oraok  extension  4  (2a)  the  oraok  has  reached  a  length  2a. .  This  point  of  fracture  testability  is  given  by 
0,  beoause  from  tnie  point  0  follows  the  line  OS  end  rename  larger  than  I  (01).  Apparently  the  freoture 
condition  is  the  point  of  tengeaoyi 

M/da  -  M/da  (15) 

Iq  (19)  would  bo  a  useful  freoture  criterion  if  apart  free  the  re let lot  0  •vy'a/X  alee  an 
analytlo  relation  for  R  ware  available,  otherwise  the  equities  oenaot  he  evaluated.  Rajw  (4  j  has  tried 
to  derive  suoh  an  expression  on  the  basle  of  plasticity  theory  1 y  oalouleting  the  rats  of  plastio  energy 
oonsunptioa  in  tho  plastio  sons  ahead  of  the  oraok. 


Xrmfft  ot  al  (44]  have  proposed 8  tabs  e  function  of  he  only  end  independent  ef  a  ,  i.e.  the 
B-ourve  is  invariant  and  la  the  sane  for  any  initial  oraek  length.  This  suggestion  has  boss  used  by 
Break  (20,21 ,45J  to  derive  as  engineering  solution  to  sq  (19) •  is  observed  that  the  tritieal  creek  length 
was  approxlnatsly  proportional  to  the  initial  oraok  length  in  neny  teste,  i.e. 


This  implies  a  certain  relation  between  KM  and  IM  in  figure  VA  15,  which  is  the 
it  requires  e  distinct  function  for  X  given  by 


far  nil  t tagouts; 
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(17) 

(18) 

whioh  reduoe  to  X  *  constant  and  K  -  oonstant  (Feddereen)  if  a  equals  unity. 

An  evaluation  of  eq  (15)  is  not  essential  for  the  use  that  will  be  made  of  the  energy 
oonoept  in  the  two  following  eeotions,  nor  for  a  qualitative  outline  of  its  use  for  oonplioated  sheet 
struotures  and  sandwioh  panels. 


R  .  p(a  -  a  ) 


(o-l)/a 


Eq 


(17)  together  with  0  =  T7  -.f  a/E  allow  evaluation  of  eq  (15)  to  give 


1/ 


2a 


O'  a 

o  0 


1/. 


2a 


oonstant 

oonstant 


In  the  oritioal  crack  opening  displacement  oonoept  it  is  hypothesised  that  fracture  oooura 
when  the  oraok  tip  opening  6  exoeeds  a  oritioal  value.  It  has  been  shown  f46,4?J  that  for 
small  soale  yielding  b  «  40/ff<J".  but  this  is  not  essential  ,  because  the  oonoept  should  be  applioable  also 
at  large  soale  yielding.  The  oritioal  oraok  opening  displacement  can  be  measured  in  a  test  and  be  used  to 
prediot  the  residual  strength  for  other  oraok  sises.  The  latter  is  possible  only  if  an  analytical  relat¬ 
ion  between  b  and  the  applied  stress  is  available.  For  application  of  the  oonoept  to  stiffened  panels 
such  a  relation  is  not  striotly  neoessary  (o.f.  ohapter  V.C.l). 

V.A.V5  Determination  of  the  residual  strength  for  uraotioal  fall-safe  problems  in  case  of  unstiffened 
panels. 


This  seotion  will  be  oonoemed  with  the  following  practical  problemai 

a)  The  residual  strength  of  unreinforoed  panels. 

b)  Interrupted  slow  oraok  growth. 

0)  Craoke  emanating  from  out  outs  and  holes. 

d)  Stop  holes  and  other  oraok  stoppers. 

a)  Residual  strength  under  oombined  tension  and  sheer. 

f)  Imp aot  damage. 

Tbaee  subjeots  will  be  treated  in  the  given  order, 
a)  The  residual  strength  of  unreinforoed  panels. 

For  ths  prediction  of  the  residual  strength  of  a  oraoked  panel  an  applioable  plane  stress 
fracture  toughness  value  should  be  availeblei  the  toughness  value  should  apply  for  the  thloknees  of  the 
panel  under  consideration,  Ths  rssldual  strength  has  to  be  prediotod  for  the  oase  a  fatigue  oraok  of  a 
oertain  length  will  develop  in  ths  otruoture.  Renos,  the  residual  strength  has  to  be  baaed  on  the  else  of 
the  fatigue  oraok  per  se  and  it  ie  not  of  Interest  that  the  oraok  will  show  some  slow  growth  before  the 
oatastrophe.  This  means  that  reai&.ial  strength  of  oraoked  unreinforoed  panels  should  be  based  on  X  , 
rather  than  X^  (Note  that  the  problem  ie  a  different  one  for  reinforced  panels,  ohapter  V.O.l).  ** 

When  a  useful  figure  for  X  ie  available,  obtained  from  a  sufficiently  large  panel,  ths 
residual  strength  oan  be  determined  for  afly  also  of  panel  and  any  length  of  oraok  with  Feddereenh  method 
dieouaeed  in  seotion  V.A.J.2.  In  oase  of  smell  panels  it  is  permissible  to  work  with  an  apparent  X 
value  for  the  pertinent  else  of  panel,  but  it  is  preferable  to  use  real  X  values  and  net  seotion10 
yield  criterion  for  very  small  panels.  10 

The  residual  strength  oan  be  oalouleted  from  <r  *  X  /^ir  a  ,  provided  2a  <  w/3  and 
(T  <  2/jCT  otherwise  use  has  to  be  made  of  the  tangents.  For  a  oertain  prescribed  fail-safe  stress 
one  oan  ^letermine  the  permissible  length  of  ths  fatigue  oraok  from  2a  »  2K‘  /mi  ,  Note  that  it  would 
be  unreal  1st  to  to  determine  the  permissible  oraok  length  from  2a.  .  **  r‘ 

^o^fo'  *****  la  ***•  f*il"**f*  itself  that  makes  ths  eoreok  growing  to  2\.  Again  if  2ao<  w/j 

the  tangent  has  to  be  used  tad  also  if  <rf(  )  2/;ia^#.  In  ths  letter  oase  it  sight  be  considered  too 

conservative  to  use  the  tangent,  but  sines  it  will  ooooem  very  small  oreoks  whioh  are  difficult  to 
detect  it  is  advieible  to  perform  confirmatory  tests  if  higher  stresses  are  allowed  than  the  tangent 
would  suggest  permissible.  Whoa  dealing  with  edge  oreoks  values  from  central  oreoks  oan  be  used,  but 
the  stress  intensity  factor  should  be  oalouleted  from  ths  relevant  expression  for  edge  oreoks  given  else¬ 
where  in  this  volume. 


A  high  load  in  service  Just  insufficient  to  oeuee  failure,  say  indues  slow  stable  growth  of 
an  existing  oraok.  A  longer  oraok  them  remains,  having  possibly  a  lower  residual  strength.  Tests  on  large 
2024-f)  and  7075-14  sheets  £0,44,44}  have  indicated  that  this  needs  tot  to  be  feared.  In  these  tests  the 
speeineas  were  leaded  until  ths  oreoks  had  shown  a  cartels  amount  of  slow  oraok  growth.  Crook  growth  was 
then  interrupted  by  fully  unloading,  after  whioh  the  specimens  were  freotured  at  reloading.  Some  teste 
were  interrupted  twice. 

Results  of  ths  tests  on  2Q24-T  J  panels  ere  presented  in  figure  VA  19  in  oomparlsoe  with 
continuous  toots*  Ths  figure  shows  that  after  an  interruption,  re-initiation  of  oraok  growth  is  aot  in 


FIG.  VA  22  RESIDUAL  STRENGTH  FOR  CRACKS  EMANATING  FROM  HOLE,  SYMMETRIC  CASE 


FIG.  VA  25  COMBINED  MODE  FRACTURE 


F.w.  VA  26  STRESSES  AT  CRACK  TIP 
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accordance  with  the  curve  for  the  onaet  of  alow  orach  growth,  hut  it  takes  place  at  atreeees  only  alight- 
ly  below  thoe#  at  whioh  the  testa  were  interrupted.  Soon  after  re-initiation  of  crack  growth,  the  original 
•low  growth  curve  ia  followed  again.  The  specimen  apparently  remembers  its  load  history  and  ignores  the 
unloading. 


When  a  crack  of  the  largest  permissible  size  is  actually  present  in  service,  it  may  show 
some  si  w  gio'-'.n  if  a  high  load,  lower  than  the  fail-safe  load  is  net.  Though  the  ultimate  crack  length 
ie  exceeded  then,  the  structure  car,  still  bear  the  fail-safe  load.  The  flight  in  which  the  high  load 
occurred, most  likely  encountered  extremely  rough  weather  and  therefore  it  is  not  inconceivable  that  more 
high  loads,  if  not  ths  fail-safe  load,  will  be  experienced  toon  after.  It  is  reassuring  that  the  residual 
strength  is  not  impaired  by  the  first  high  load  and  by  the  slow  orack  growth  it  caused. 

The  high  load  that  induced  the  crack  growth  has  introduced  residual  compressive  stresses  at 
the  crack  tip,  which  are  known  to  elow  down  the  rate  of  crack  propagation  under  subsequent  fatigue  loading. 

Therefore  it  may  be  expected  that  the  structure  can  safely  reach  the  next  inspection. 

o)  Cracke  emanating  from  cutouts  and  holes 

In  practice  crocks  often  occur  in  areae  of  stress  concentrations  at  holes  or  at  the  edge  of 

a  cutout.  Bowie  (19)  has  analysed  the  caee  of  cracks  at  the  edgs  of  a  circular  hole  and  he  showed  that  the 

stress  intensity  factor  can  be  expressed  net 

K  -aJnZ  f (l/h)  (19) 

where  K  is  the  radius  of  the  hole  and  L  ie  the  length  of  a  radial  crack,  measured  from  the  edge  of  the 
hole.  Vslr.ee  for  f ( L /R )  are  presented  in  the  two  upper  lines  of  table  IIA  2,  for  the  cnae  of  a  crack  at 
one  ed*u  of  the  hole  only  and  for  the  symmetric  case  of  two  cracke  of  equal  size  at  either  side  of  the 
hole. 


As  a  first  engineering  approach  one  might  assume  that  the  combination  of  a  hole  and  a 
orack  would  behave  as  a  creek  of  length  equal  to  the  total  defect  size.  For  a  craok  at  one  aide  of  the 
hole  this  would  mean  that  the  effective  crack  length  2a  ,  would  be  considered  equal  .0  2a  ,,  - 
2K  ♦  L  (  D  +  L ) » 


Hence: 


K  • CUV  a 


eff 


rfn.  (]}  ♦  A) 


(2U) 


For  the  symmetric  case:  2aaff 


2R  ♦  2L  (-  D  ♦  2L)  and  hence 


K  -oy^%ff  -  crJnZ  (£  ♦  1) 


L/q 


(21) 


Values  of  the  approximate  functions  f(L/H)  of  bob  (20)  and  (21)  are  compared  with  the  actual  functions 
f(L/H)  as  derived  by  Bowie  in  table  V«  2. 


Table  VA 

2.  Cracks  at 

the  edge  of  a  hols. 

Values  for  f(L/ft)  in 

eqa  (19) 

,  (20) 

(21) 

• 

l/r 

— - 

0.1 

0.2 

0.3 

0.5 

0.8 

1 

15 

2 

3 

5 

Bowie,  1 

crack 

2.73 

2.30 

2.04 

1.73 

1.47 

1.37 

1.18 

1.06 

0.94 

0.80 

Bowie,  2 

cracks 

2.73 

2.41 

2.15 

1.83 

1.58 

1.45 

1.29 

1.21 

1.14 

I.C7 

1  crack 

SO  (20) 

3-21 

2.35 

1.95 

1.58 

1.32 

1.22 

1.08 

1 

0.94 

0.84 

2  cracks 

eq  (21 ) 

3.32 

2.45 

2.08 

1.73 

1.50 

1.41 

1.29 

1.22 

1.15 

1.09 

This  table  shows  that  the  differences  between  the  approximate  method  and  Bowie's  analysis  are  small  for 
cracks  larger  than  0. 1 R. Bowie' s  method  would  predict  a  slightly  lower  residual  strength  than  the 
approximate  method  over  practically  the  whole  range  of  crack  sizes  considered. 

Brosk  and  Viieger  [50]  carried  out  tents  to  check  the  validity  of  the  two  methods.  The 
results  for  cracks  at  one  side  of  the  hole  are  presented  in  figures  V A  20  and  VA  2ij  the  symmetric  case 
of  two  cracks  is  given  in  figure  VA  22.  The  K  value  for  the  material  was  determined  first  .from  normal 
residual  strength  teste  with  the  seme  size  of  JRnels.  On  the  basis  of  this  X  (.  204  kg/mm V2)  the 
residual  strength  of  the  cracks  at  holes  were  predicted  by  using  Bowie's  analysis  (dashed  lines  in  all 
figures)  and  also  by  using  the  approximate  method  of  e is  (20)  and  (2i)  (solid  lines  in  ail  figures).  The 
curves  show  that  indsed  Bowie's  analysis  predict a  somewhat  lower  residual  strength.  The  test  results  do 
confirm  the  predicted  lines  very  well. 

It  can  be  concluded  that  Bowie's  analysis  will  give  a  safe  conservative  estimate  of  the 
residual  strength  of  cracks  emanating  from  holes  and  that  the  engineering  method  that  considers  the  hole 


Xn  out  of  a  reinforced  hole  -  where  msasures  have  been  taken  to  reduce  or  to  eliminate  the 
stress  concentration  -  it  is  conceivable  that  a  single  crack  has  to  be  considered  as  an  edge  crack,  such 
that  the  presence  of  the  hoie  can  be  ignored  as  long  as  the  reinforcement  is  intact.  No  information  is 
available  on  this  subject. 

d)  Stop  holes  and  other  crack  stoppers 


Sometimes  small  fatigue  cracks  in  sheets  may  have  to  be  temporarily  prevented  from  growing 


r 
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in  a  provisional  way,  pending  a  more  elaborate  repair  at  the  earliest  convenience.  Duch  provisional 
neasures  can  consist  of  drilling  stop  holes  at  the  oraok  tips.  The  edges  of  the  holes  can  be  slightly  cold 
woiked  in  order  to  introduce  residual  oompressive  stresses.  These  Manures  can  be  quite  satisfactory  to 
stop  fatigue  crack  growth  for  a  while,  but  it  should  be  emphasized  that  they  do  not  improve  the  residual 
strength  in  genera i . 

The  problem  of  a  blunt  crack  tip  with  tip  radius  p  has  been  treated  by  several  investigators 
[^1,52,53]  *  It  turns  out  that  the  stress  intensity  factor  of  a  blunt  crack  tip  10  eomowhat  higher  than 
that  of  a  coutpari  tive  sharp  crack.  The  expressions  derived  take  their  simplest  form  when  the  center  of 
the  hole  is  located  at  the  tip  of  the  natural  crack  as  in  figure  VA  23*  According  to  Bowie  and  Neal  [52] 
the  stress  intensity  factor  can  than  be  approximated  by 

X  S/irtL  1  l.lBp  (22) 

and  the  stresses  at  the  craok  tip  according  to  Paris  an<|  Creager  [53]  asi 

V<5£(l*fc>  (23) 

'  y/»r  yznr  2r 

The  stress  distribution  according  to  eq  (23)  is  depictsd  diagrammatical ly  in  figure  VA  23. 
This  shows  that  the  stresses  at  the  blunt  orack  tip  are  lower  than  at  the  sharp  crack  tip,  whereas  the 
stress  intensity  is  higher.  Apparently,  this  is  a  case  where  the  condition  for  fracture  cannot  be 
determined  by  the  stress  intensity  factor  (in  general,  it  ie  confusing  to  use  stress  intensity  factors 
for  other  than  natural  cracks  when  dealing  with  fracture  problems). 

Conseouent ly ,  the  residual  strength  of  the  crack  with  stop  holes  cannot  be  determined  on  the 
basis  of  a  stress  intensity  factor  as  in  sq  (22).  From  sq  (23)  and  figurs  VA  23  it  may  appear  that  the 
initiation  of  slow  stable  crack  growth  from  the  stop  holes  will  be  postponed  to  a  higher  nominal  etreaa. 
Thin  haa  been  demonstrated  in  testa  reported  by  Broek  [54]  .  However,  once  slow  crack  growth  has  started, 
the  crack  tip  is  a  real  sharp  crack  tip  again  and  will  .shave  as  auchi  the  residual  strength  is  the  same  as 
in  case  of  a  crack  without  stop  holes. 

This  behaviour  can  be  explained  on  the  basis  of  the  energy  balance  concept  aa  in  figure 
VA  24.  A  sharp  crack  starts  slow  growth  at  <7[  and  gives  failure  at  th#  stress  (7  .  When  there  are  email 
atop  holes  the  stress  for  crack  initiation  can  be  raised  to  CT  .  The  energy  baiaScos  will  now  be  reached 
at  B  and  fracture  will  occur  at  <7  all  the  same.  Stop  holes  can  be  made  so  large  that  crack  initiation 
does  not  occur  until  at  a  stress  &,  larger  than  (7.  In  that  case  no  energy  balance  can  be  reached  and 
immediate  fracture  instability  occors,  r.ot  proceeded  by  slow  growth.  The  latter  will  occur  when  the  utop 
holes  have  a  certain  minimum  size,  which  will  depend  upon  the  material  properties.  There  is  seme  evidence 
from  teste  [54]  that  thiB  minimum  size  is  in  the  order  of  2  mm  for  7075-T6  aluminium  alloy  sheet.  It  is 
certainly  greater  for  2024-T3  sheet,  but  it  may  be  much  smaller  for  materials  of  lev  tcighnessi  for  H-ll 
steel  an  increase  of  residual  strength  was  observed  already  [55]  at  root  rad’i  in  the  order  of  20  microns. 
Its  size  has  to  be  determined  from  experiMnts  and  cannot  be  calculated  on  the  basie  of  a  stress  intensity 
factor,  as  explained  above. 

When  dealing  with  crack  stoppers  one  haa  to  consider  not  only  prevention  of  crack  initiat¬ 
ion,  but  also  arrest  of  crack  propagation.  The  latter  may  occur  when  a  propagating  crack  rune  into  a 
hole.  In  general,  arrest  of  a  running  crack  will  occur  when  the  crack  rune  into  a  region  with  a  higher 
fracture  toughness  or  in  a  region  with  lower  stress  intensity.  Ihe  stress  intensity  may  decrease  when  the 
crack  enters  a  region  affected  by  the  presence  of  reinforoeraonte,  a  problam  which  will  receive  ample 
attention  in  the  chapter  on  stiffened  panels  (  V.C.l).  In  an  unetiffened  panel  cracks  may  run  into  rivet 
holes.  It  ie  very  much  a  matter  of  available  energy  whether  the  crack  will  be  arrested  in  such  s  cass. 
Calculations  of  Kobayashi  and  Harden  [56]  indicate  that  there  is  little  chance  that  cracks  in  unstiffened 
sheeta  may  be  arrested  in  rivet  holes.  Therefore  the  problem  of  crack  arrest  will  not  be  discussed  any 
further  herej  it  will  be  dealt  with  in  sections  on  stiffened,  panels.  For  a  thorough  treatment  of  the 
basic  crack  arrest  *heory  the  reader  is  referred  to  the  work  of  Bluhm  [57]  • 

•)  Residual  strength  under  comoined  tension  and  shear 

As  pointed  out  elsewhere  in  this  volume  three  modes  of  cracking  can  be  distinguished!  the 
opening  mode,  th*  eliding  mode  and  the  tear  mode,  denoted  a#  modes  I,  II  and  III  respectively.  Wing  box 
beams  and  aircraft  fuselages  are  subjected  mainly  to  normal  loading,  but  they  also  experience  torsional 
loading.  Cracks  that  develop  in  these  structures  may  therefore  be  exposed  to  tension  and  shear,  which 
leads  to  mixed  mode  cracking.  The  combination  of  tension  and  shear  gives  a  mixture  of  modes  I  and  II. 
Several  investigators  h-ve  considered  th*  mixed  mode  fracture  problem  £8, S9, 60, 61 ,62)  ,  but  a  generally 
accepted  analysis  has  not  yet  been  developed.  The  references  treat  mixed  modes  of  both  I,  II  a  d  I,  III. 

For  the  problam  considered  here,  the  discussion  can  be  limited  to  the  I, II  mixed  mode. 

Kode  II  loading  under  an  in-plane  shear  stress  t  can  be  characterized  by  a  stress  intensity 
factor  K,  -  zjff a  analogous  to  mode  I  loading  [e.g.  4<]  .  (Consistent  with  the  previously  ussd  notations 
expressions  and  K  will  be  used  here  to  emphasize  plane  stress).  Under  these  conditions  fracture  will 

ocour  when  K„  retches  »  critical  value  K,  . 

2  zc 


- - - - 3  —  — 0  .u  who  ij  ana  K  and  fracture  must  be  assumed  to  occur 

when  a  certain  combination  of  the  two  reaches  a  critical  value.  It  is  not  easy  to  develop  this  fracture 
criterion.  When  using  an  energy  balance  criterion  it  can  be  stated  that  the  total  energy  release  rate  G 
ie  given  byi 


°t  * 


(24) 


Fracture  occurs  when  G  is  larger  than  the  ener®r  consumption  rate  and  hence  the  fracture  condition  is 
given  by  Ct>  (  assumed  a  constant  here  for  simplicity).  For  I, II  mixed  mode  loading  G^  .  0, 
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hence  the  fracture  condition  would  bai 

♦  K?  eonatant  - 
1  2  c 


For  sode  I  cracking  -  Q  or  ItJ  K^c  and  for  mode  II  cracking  Kx  -  0  or  K^.  Consequently  eq  (25) 

predicts  that  tha  locus  for  combined  mode  cracking  is  a  circle  with  radius  X  .  This  is  depicted  in  figure 
V*  25.  In  reality  I  ji  X2(J  and  the  fracture  condition  is  mors  likely  to  bl°t 

K  2  X  2 

(jr-)  *  (r2-)  1  (26) 

to  2c 

The  locus  of  fracture  being  », a  ellipse  (Fig.  VA  25).  Fracture  occurs  when  X,  and  X  reach  values 
aufflclent  to  satisfy  eq  (26).  2 

An  alternative  fracture  criterion  has  been  proposed  by  Erdogan  and  Sih  [58}  .  They  make  use 
of  the  observation  that  under  coabined  loading  crack  extension  takes  place  in  the  plane  perpendicular  to 
the  direction  of  greatest  tension.  Under  conditions  of  combined  loading  the  stresses  (see  figure  VA  26) 
are  given  byt 


<T°  i/FirT  e°"  2  C0*  2  "  2  K2  ,iB 

—  cos  ®  Bin  0  K2  (J  cos  ©  -  l)J 


taks  place 
(sines  O' 
ist  1 


Tho  greatest  tension  will  occur  at  0  where  T  .  0.  Then  Erdogan  and  Sih  assume  fracture  to 
ice  when  is  equal  to  that  stress  that  leads  toaode  1  fracture,  which  is  O'  K  /y/jqrr 
'  is  the  largest  tansils  stress  at  the  crack  tip  in  aoda  1  loading).  Then  theyfraci5re  condition 


2  a  _  i 


X,  am  © 


*ooe-§ 


Kj  sin  ©  ♦  It  (3  cos  ©  -  1)  .  0  (from  l 


Results  of  teats  on  plexiglass  specimens  f58]  appeared  to  show  reasonable  agreement  with  eq  (28),  however, 
they  show  a  better  agreement  with  eq  (26)  as  is  shown  in  figure  VA  27. 

Combined  mode  1  and  II  tests  are  usually  carried  out  on  tension  panels  with  oblique  cracks 
p9,60,61J  .  For  that  case  (figure  VA  28)  it  follows  that  X,  -Osin2  flyfija  and  K  C  cos2B\A^a.  hesults 
of  such  tests  on  aluminium  alloy  sheet  specimens  generally  show  good  agreement  with  eq  (26),  as  can  be 
seen  from  figure  VA  29.  Therefore  er  (26)  is  preferable  for  practical  problems,  since  it  allows  sore 
easily  the  reverse  calculation  from  a  given  toughness  value  to  oritioal  crack  length  or  residual  strength. 
It  can  be  observed  from  figures  VA  27  and  .>9  that  usually  X  Pet  0.75  *  •  kith  this  knowledge  er  (26)  can 

reduced  to  the  ueeful  engineering  criterion  of  0 

'-*4  'A* 

Ij  •  a ,  Ij  -  T~yJ 77 a 

Eo  (29)  impliea  that  fracture  can  be  predicted  r rom  mode  I  plane  etreee  fracture  toughneoa  values.  For  a 
material  with  known  1  the  critical  crack  length  for  a  certain  required  fail-safe  loading  case  or  the 
fracture  strength  undfr  the  presence  of  e  critical  crack  can  easily  be  calculated  for  conditions  of 
oombined  tension  and  shear. 

r)  inaeL  deaaa- 

It  is  unlikely  that  fracture  me  hanica  will  aver  be  able  to  treat  imract  damage  and 
ballastic  damage  in  a  reliable  »v,  since  this  kind  of  damage  is  so  irregular  in  nature.  It  can  only  bs 
tried  to  derive  rules  of  thumb  from  extensive  and  systematic  investigations. 

The  work  carried  out  by  Jensen  (63]  and  Campbell  et  al  f64j  has  shown  that  tha  damage  and 
residual  strength  of  7075-T6  aluminium  panala  exposed  to  gunfire  varies  with  impact  angle,  projectile 
velocity  and  panel  thickness.  The  damage  of  thick  panels  usually  consisted  of  fairly  smooth  round  holes 

WHh  •  «W1»WWWWH  n  m  1  S  6  k*  meimt  i  mde.yth  Am  — -  -  -  — —  *  .  _ - _  __ 

*v  . . . o  •  — «*  »w»ivn  skrtsv  «xc«eas  uiximaxe  xenai  stress  of  Xh» 

material.  Thin  panels  were  mors  likely  to  develop  crack-like  damage  and  therefore  the  residual  strength 
could  very  roughly  bs  baaed  on  s  fracture  mechanics  concept,  by  using  an  apparent  fracture  toughness  value 
baaed  on  an  effective  crack  length  or  defect  size  equal  to  the  lateral  dimension  of  the  damage.  It  seems 
that  the  introduction  of  structural  crack  stoppers,  such  as  reinforcements  and  splices  are  the  beet  means 
to  provide  some  degree  of  safety  against  impact  damage. 
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If  applioeble  plan*  atraaa  fracture  toughr.esa  data  ara  not  available,  taata  will  hava  to  be 
performed.  Taata  on  saterlal  of  tha  relevant  thioknaaa  MiU  hava  to  ha  performed  in  confirmation  with  tha 
oriteria  praaantad  in  thia  ohapter,  8a  c  w/j  and  <T  <  2/3  C"  . 

0  Jr® 

Unlike  plana  atrain  apeoisena,  tha  plana  atraaa  apaoiaana  naad  not  alwaya  ha  fatigue  oraokadt 
whan  tha  toughneas  ia  high  enough  for  tha  oraoka  to  show  significant  amount a  of  alow  growth)  tha  oraok  oan 
ha  simulated  by  a  aharp  aaw  out  A  aaw  out  will  alightly  inoraaaa  tha  atraaa  for  onaat  of  oraok  growth,  but 
onoa  oraok  growth  haa  started  «no  aaw  out  haa  ohangad  into  a  rani  oraok  and  tha  raaidual  atrangth  will  ba 
tha  aaaa  aa  for  a  fatlgua  oraok  of  tha  same  initial  langth.  Thin  haa  baan  demonstrated  by  taata  [54]  . 

Whan  fraotura  of  ahaata  with  aaw  outa  ia  not  praoaiad  by  alow  oraok  growth,  tha  simulation 
of  tha  oraok  by  aaana  of  a  aaw  out  ia  not  parnlaaibla.  In  that  oaaa  tha  bluntnaaa  of  tha  tip  of  tha  aaw  out 
any  ba  auffioiant  to  raiaa  tha  atraaa  C,  for  oraok  initiation  abova  tha  fraotura  atraaa  <T  ,  aimilarly  aa  in 
tha  oaaa  of  atop  holaa  diaouaaad  in  the  previouc  aaotion  (Pig.  VA  24).  0 

Tha  atraaa  fiald  aquationa  for  a  oraoka  il  plata  indioata  that  tha  atraaa  <T  along  tha  adgaa  of 
tha  oraok  ia  ooapraaaiva  and  of  tha  ordar  of  tha  appliad  longitudinal  tanaila  atraaa.  z  Especially  in  thin 
ahaata  thia  ooapraaaiva  atraaa  oan  oauaa  buokling  of  tha  plata  aagnant  adjaoent  to  tha  oraok.  Ona  oan 
aaaily  demonstrate  thia  buokling  by  annually  pulling  a  ahnat  of  papar  with  a  onntral  tranavaraa  taar.  Sinoa 
buokling  nay  affaot  alow  oraok  growth  and  raaidual  atrangth,  it  haa  baan  tha  aubjaot  of  aavaral  inveetigat- 
lona  (*2,65,66,67, 68]  . 

Oarlaon  at  al  (67I  hava  traatad  buokling  fornally  aa  a  plata  atability  problan.  Uaually 
howavar,  a  staple  oolumn  buokling  fomula  ia  uaad  [22,65,66]  .  Sinoa  tha  tranavaraa  ooupraaaivn  atraaa  along 
tha  oraok  adga  ia  aqual  to  tha  nominal  uniform  atraaa  <J  ,  buokling  will  eonmanoa  whan  0%  dafinad  by 


Eq  (30)  ia  tha  Euler  formula  for  buokling  of  a  ooluan  of  thioknaaa  B,  modulus  E  and  affaotiva  langth  l 
with  hingad  aida.  Tha  langth  of  tha  ooluan  will  ba  ralatad  to  tha  oraok  langth  a  by  * 

•  <*  a  (31) 

Thara  la  diffaranoa  of  opinion  aa  to  tha  moat  raaliatio  valua  of  a,  whioh  ia  in  tha  ordar  of  0.5  (65J  , 
but  moat  probably  dapanda  upon  ohaat  thioknaaa  [22,67]  . 

For  oraoka  of  aoma  langth  buokling  ooeura  long  bafora  tha  apaoinan  ia  raady  to  fail  and 
tharafora  it  may  affaot  tha  raaidual  atrangth.  For  thia  raaaon  buokling  ia  uaually  pravantad  in  a  raaidual 
atrangth  taata  by  tha  application  of  rigid  bare  (Pig.  VA  30),  known  aa  anti-buokling  guidon.  Photo- 
alaatio  atudiaa  of  Dixon  and  Strannigan  [65]  hava  ahown  that  tha  maximum  atraaa  at  tha  tip  of  a  slit  in  an 
unraatrainad  modal  waa  about  30  paroant  graatar  than  undar  tha  application  of  anti-buokling  guidaa.  Thia 
will  of  oouraa  affaot  tha  raaidual  atrangth.  Raduotiona  in  raaidual  atrangth  of  about  10  paroant  wora 
raportad  by  Wmlkar  [28J  and  Trot  man  [68]  and  up  to  40  paroant  by  Forman  [66]  .  Of  oouraa,  tha  raduotion 
muat  dapand  upon  oraok  length.  Soma  of  tha  many  data  of  Wmlkar  [22]  ara  praaantad  hara  in  figura  VA  31  to 
illustrate  tha  affaot  of  buokling  on  alow  atabla  oraok  growth  and  residual  strength. 

Although  buokling  guidaa  ara  usually  considered  a  pre-requisite  for  a  useful  residual  strength 
test,  it  ia  questionable  whether  they  ara  always  naoaasary.  In  praotioal  ahast  struotures,  buokling  will 
often  not  ba  fully  restrained.  Evan  in  stiffened  struotures  buokling  oan  sometimes  ba  restrained  only  by 
tha  in-plane  banding  stiffness  of  tha  atringerei  only  whan  thara  is  a  stringer  aoross  the  oraok, buokling 
ia  fully  pravantad  by  tha  out-of-plane  banding  stiffneaa  of  tha  stringer.  A  calculation  of  the  residual 
strength  of  a  sheet  structure  in  whioh  buokling  is  not  restrained  should,  of  ooursa,  be  based  on  tests 
without  buokling  guides,  sinoa  Kiq  is  lower  for  that  oaaa. 

Airworthiness  requirements  (69)  used  to  allow  fail-safe  tasting  by  aavering  single  elements 
suoh  as  stringers  or  spar  oaps  while  tha  structure  is  undar  load.  Tha  question  some times  arises  whether  it 
ia  similarly  permissible  to  demonstrate  fail-safety  by  outting  a  slit  while  the  structure  is  under  load. 
Tests  have  ahown  fro]  that  thia  would  provide  false  information.  Tha  speoimens  containing  an  initial 
oantral  slit  ware  loaded  to  tha  point  that  slow  growth  initiation  was  about  to  ooour.  Prom  than  on  tha  load 
was  kept  oonstant  and  tha  two  ends  of  tha  oraok  ware  propagated  simultaneously  by  means  of  two  jeweller 
fret  sane  until  fraotura  ooourrad.  80m*  teat  results  ara  praaantad  in  figure  VA  32, 

At  first  glanoe  ona  would  expeot  failure  during  sawing  to  ooour  whan  the  oritioal  oraok 
langth,  associated  with  tha  appliad  stress,  is  raaohad,  i.a.  at  tha  passage  of  tha  upper  curve  in 
figure  VA  32.  Yet,  sawing  oould  ba  oontinuad  far  beyond  this  point.  It  night  ba  argued  that  the  dis- 
orepanoy  oould  be  duo  to  tha  bluntness  of  tha  aaw  out  as  oompared  to  a  fatigue  oraok,  einoa  the  upper 
ourva  in  figure  VA  32  is  valid  for  a  slowly-growing  aotual  oraok.  Vertically  howavar,  tha  data  points  are 
so  far  off  the  ourva  that  tha  bluntnaaa  of  tha  aaw  out  oannot  ba  tha  eole  oauaa  of  tha  disorepanoy. 

Whan  tha  results  ara  oonaidored  in  liaison  with  tha  R-ourve  oonoopt,  they  appear  to  ba  more 
rational.  This  is  outlined  In  figure  VA  33.  The  lower  part  of  this  figure  shows  tha  raaidual  atrangth 
diagram.  A  oraok  of  initial  langth  a  oan  ba  loaded  to  a  stress  O’,  (point  A';  where  slow  oraok  growth 
oosmanoas.  Whan  tha  stress  ia  raised°to  0*  the  oraok  will  hava  propagated  to  a  where  fraotura  instability 
oooure.  Tha  upper  part  of  figure  VA  33  snows  tha  corresponding  energy- balance0 diagram  in  terms  of  tha 
energy  release  rata  0  and  tha  oraok  growth  resistance  R.  Slow  growth  begins  whan  tha  atraaa  ia  raised  to 
<T..  Than  0  - iro'.^i/E,  represented  by  point  A.  During  further  inoraaaa  of  the  atraaa  tha  R-ourve  ia 
fBUowed.  Finally,  whan  tha  atraaa  haa  raaohad  <r  and  tha  oraok  has  grown  to  a  (point  0),  tha  oraok  oan 
propagate  undar  constant  stress |  0  will  inoreaae0 along  C-C*  and  remain  larger  °than  R  and  fraotura 
instability  oooure. 
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Consider  now  a  oraok  of  initial  length  *  loaded  to  <7* .  The  oraok  in  extended  artificially  h y 
sawing,  while  the  stress  is  kept  oonstant  at  O', .  The  "energy  release  rate  0  will  increase  proportionally  to 
ft  aooording  to  0  -TTfT?  a/E  and  it  will  follow' the  straight  line  A-D.  Finally  at  D,  the  oondition  0  >  R  is 
fulfilled  and  fracture  instability  oooure  (point  D.  in  the  lower  part  of  figure  IIA  33),  If  fraoture  were  to 
ooour  at  E.  as  assuned  in  the  first  paragraph  of  this  ohapter,  the  R  curve  should  shift  during  sawing  to 
the  position  of  the  dashed  ourve  in  figure  IIA  33,  where  fraoture  would  ooour  at  B.  A  shift  of  the  R-ourve 
during  the  test  is  unlikely  [70]  . 

When  in  the  test  desorihed,  sawing  is  stopped  at  H,  followed  by  continuous  loading,  failure 
should  ooour  at  K.  Equivalent  points  in  the  lower  diagram  are  H.  and  K, .  The  latter  was  oonfirmed  by  tests 
also  f70]  . 

In  oonclusion  it  oan  be  stated  that  the  exeoution  of  a  fail-safe  teat  by  naans  of  extending 
the  oraok  by  sawing  under  load  leads  to  an  ov* restitution  of  the  oritioal  oraok  length, 

V .A. 4  FATIGUE  CRACK  PROPAGATION 


V.A.4.1  Introduotion 

The  determination  of  the  fatigue  oraok  propagation  ourve  is  an  sssential  part  of  the  fail¬ 
safe  design  prooedure.  It  is  the  basis  for  the  establishment  of  the  inapeotion  interval  or  the  interval 
for  stripping  or  proof  testing  (o.f,  ohapter  V.A.l).  Although  residual  strength  calculation  procedures 
have  obvious  shortcomings,  the  prediction  of  the  fatigue  arson  propagation  characteristic  is  still  the 
least  aoourate  part  of  the  fail-safe  design  prooedure,  despite  the  vast  amount  of  researoh  that  hem  been 
done  on  this  subject.  Yet,  the  developments  aohieved  during  the  last  decade  justify  a  moderate  optimism 
about  the  possibilities  of  prediotion  techniques. 

This  ohapter  deals  with  the  teohnioal  problems  of  fatigue  oraok  propagation.  The  use  of 
fraoture  mechanics  in  fatigue  as  expressed  by  the  relation  between  the  oraok  propagation  rate  and  the 
stress  intensity  faotor,  is  briefly  considered.  This  relation  is  espeoially  useful  when  dealing  with 
structures.  However,  the  disoussion  is  based  on  a  very  praotioal  standpoint  and  Is  limited  to  an 
evaluation  of  the  shortcomings  of  the  relation  and  its  applicability  to  teohnioal  problems.  A  detailed 
analysis  of  its  physical  aspeots  is  beyond  the  soope  of  this  ohaptsr  and  the  reader  is  referred  to  the 
pertinent  literature  [71,72,73,74)  • 

If  fatigue  oraoks  would  never  develop  in  aircraft  structures,  the  fail-safe  problem  would 
probably  hardly  exist.  Fatigue  oraok  propagation  is  therefore  only  part  of  the  fatigue  problem  in  air- 
oraft  structures.  Yet,  the  question  of  fatigue  enduranoe,  safe-life  prediotion  and  oraok-free  life  will 
not  be  considered  here.  They  have  reoeived  ample  attention  elsewhere  [40,733  and  the  present  volume  deals 
with  fail-safety  alone.  It  is  very  troublesome  to  as  aircraft  operator  if  premature  fatigue  oraoks  ooour, 
but  it  is  immaterial  to  the  fail-safe  problem  per  se  whether  oraoks  ooour  late  or  early. 

The  interaction  effeots  of  oyoles  of  different  amplitudes  sad  the  retardation  effect  of 
overloads  on  oraok  growth  during  subsequent  oyoling,  is  considered,  but  that  disoussion  is  also 
limited  to  its  praotioal  engineering  implications. 

The  disoussion  nay  seem  to  devote  relatively  muoh  space  to  sheets.  This  is  a  consequence  of 
the  fact  that  the  majority  of  fatigue  oraok  propagation  researoh  has  been  performed  on  sheets. 

V.a.4.2  Oraok  growth  rate  and  stress  intensity  faotor  (oonstant  amplitude  loading) 

The  disoussion  of  this  seotion  will  oover  the  following  itemsi 

a)  Oraok  growth  and  AK  at  sero  oyole  ratio. 

b)  Effeot  of  oyole  ratio. 

o)  Versatility  of  the  oonoept,  oraoks  emanating  from  holes. 

d)  Shortcomings,  praotioal  standpoint. 

*)  Oraok  growth  and  AX  at  sero  oyole  ratio. 

In  the  elastio  oase  the  stress  intensity  faotor  is  a  sufficient  parameter  to  desorlbe  the 

whole  stress  field  at  the  tip  of  a  oraok.  When  the  else  of  the  plastio  tone  at  the  oraok  tip  is  small 

oompared  to  the  oraok  length  the  stress  intensity  faotor  may  still  give  a  good  indication  of  the  stress 
environment  of  the  oraok  tip.  If  two  different  oraoks  have  the  same  stress  environment,  i.e.  the  sans 

stress  intensity  faotor,  they  may  be  expeoted  to  behave  in  the  same  manner  and  show  the  same  rate  of 

propagation.  Henoe,  it  may  be  expeoted  that  the  rate  of  fatigue  oraok  propagation  per  oyole  da/dn  is  a 
function  of  the  stress  intensity  faotor  range  AKi 


where  S  and  3  .  are  the  maximum  and  minimum  stress  in  a  oyole,  and  S  is  the  stress  amplitude.  Paris 
max  min  a 

[76]  and  Paris.  Gomes  and  Anderson  (773  *•*“•  first  to  reoognise  this  and  check  it  with  test  data.  Of 
oourse,  eq  (30)  will  always  be  satisfied  by  data  of  specimens  tested  at  the  same  stress  levels.  Data 
obtained  from  specimens  tested  at  various  stress  levels  should  all  fall  on  a  single  ourve  if  eq  (32)  were 
applioable.  Figure  VA  34  shows  a  plot  of  data  [78}  obtained  at  three  different  stress  levels,  but  the 
minimum  stress  in  a  oyole  was  always  virtually  sero  (the  oyols  ratio  R  •  3_, *  0.05).  The  data  in 

this  figure,  indeed,  obey  eq  (32). 
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FIG.  VA  34  RELATION  BETWEEN  INTENSITY  FACTOR  ANO  CRACK  PROPA- 
GATION  RATE  [75] 
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FIG.  VA  34  EFFECT  OF  CYCLE  RATIO  ON  THE  RELATION  BETWEEN  CRACK  GROWTH  RATE  AND  STRESS 
INTENSITY  FACTOR  [89,  90],  2024 - T 3  AL-ALLOY. 


FIG.  VA  37  CRACK  PROPAGATION  RATE  AT  NEGATIVE  CYCLE  RATIOS  [96]  7075-T6  AL-ALLOY. 
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FIG.  V  A  38  CRACK  GROWTH  RATE  FOR  WEDGE  OPENING  LOADED  AND  UNIFORMLY  LOADED  SPECIMENS  [98] 


152 


In  a  double-logarithmio  plot  the  da/d n  versus  AK  data  often  fall  on  a  straight  line.  There¬ 
fore  it  has  been  suggested  many  times  that  the  relation  of  eq  (32)  should  read 

jj*  -  C(AK)n  (33) 

in  shioh  0  and  n  are  constants.  There  have  baen  a  lot  of  arguments  as  to  the  value  of  n.  Values  usually 
vary  between  2  and  4.  It  turns  out,  however,  that  eq  (33)  does  not. sally  represent  the  test  data.  In 
raality  the  plot  of  da/dn  versus  AX  is  an  S-shaped  curve,  or  at  least  consists  of  parts  with  different 
slopes  (79,80,81]  (figures  VA  34  and  VA  35).  Only  if  the  tests  oonoern  a  limited  range  of  AK  values  the 
exponential  relationship  of  sq  (33)  is  found  and  then,  of  oourse,  the  value  found  for  n  depends  upon  the 
position  of  the  AK  range  (high,  low  or  intermediate  AK  values).  When  the  AK-valuea  oover  a  sufficiently 
wide  range,  they  show  eq  (33)  to  be  inoorreot.  A  deviation  at  the  upper  end  of  the  AK  range  may  be  ex- 
peoted  when  assuming  that  the  crack  is  reaohing  a  oritioal  size  at  whioh  da/dn  must  beoome  infinite. 

Several  other  explanations  for  the  deviations  from  linearity  have  been  given)  analysis  of  these  is  beyond 
the  soope  of  the  present  disoussion. 

Reoently,  it  has  been  tried  to  correlate  the  crack  propagation  rate  with  the  oraok  opening 
displacement  (82,83)  .  This  usually  leads  to  relations  of  the  forms 

s  -  0  ^ » a  - « <?/  («) 

yso 

in  whioh  £1  is  Young's  modulus  and  O  is  the  oyolio  yield  stress.  These  equations  are  interesting,  because 
oraok  propagation  oan  be  oonsidered^l°geometrio  oonsequenoe  of  oraok  tip  opening  (84,85,863  .  It  has  been 
shown  [e.g.  87)  that  data  of  a  large  variety  of  materials  fall  within  one  large  soatterband  when  plotted 
on  the  basis  of  AK/fc  versus  da/dn  as  suggested  by  the  seoond  eq  (34).  However,  a  mere  glance  at  figures 
VA  34  and  VA  35  shows  how  materials  with  virtually  the  same  Youngfe  modulus  oan  have  widely  different 
oraok  propagation  properties.  It  is  felt  that  this  is  due  to  the  fact  that  many  more  parameters  are 
involved  then  aooounted  for  in  eq  (34). 

Many  other  equations  that  have  been  proposed  are  analysed  in  a  oonoise  paper  by  Pelloux 
(88]  *  Further  work  to  derive  an  equation  with  a  sound  physioal  basis  is  oertainly  needed)  it  oan  be 
prediotsd  that  this  final  equation  will  be  a  oomplioated  one,  if  it  has  a  general  validity.  For  the 
teohnioal  problem  of  fatigue  oraok  propagation  the  simple  knowledge  that  da/dn  is  a  function  of  the  stress 
intensity  faotor  will  often  be  sufficient  as  will  appear  in  this  ohapter. 

b)  Effect  of  oyole  ratio 

A  fatigue  oyole  is  determined  by  (a  frequency  and)  two  stress  parameters.  These  oan  be  the 
swan  atraaa  S  and  th#  atraaa  amplitude  S  ,  the  minimum  airaaa  in  a  oyole  S  .  *  S  -  S  and  the  maximum 

stress  S  -“s  +  S  or  other  combinations  of  two  of  these  four  parameters,  as  long  asathe  oyole  ratio 

max  m  a 

R  «  S  .  /S  equals  zero  ones  can  speak  unambiguously  about  the  stress  intensity  faotor  of  the  fatigue 
min  max 

oyole,  sinoe  S  *  0  and  S  r  S  .  The  hypothesis  that  the  rate  of  oraok  propagation  is  a  funotion  of  ths 
stress  intensity  faotor, ‘"presents  no  diffiaultiss.  When  H  /  0  the  range  of  the  stress  intensity  AK  - 
23 \Jtr  a  is  an  insufficient  description  of  the  sxress  environment  of  the  oraok  tip.  The  question  arises 
whither  da/dn  will  now  be  a  funotion  of  AK  or  of  the  maximum  stress  intensity  in  a  oyole)  K ' - 

3  V  jlT  a  or  of  AK  and  K  . 
maxv  max 

It  appears  Q39»9°*9l)  that  the  rate  of  oraok  propagation  is  a  funotion  of  both  AK  and  K__. 

This  oan  be  appreoiated  from  figure  VA  38,  which  shows  two  plots  of  ths  same  load  of  data  [89,  90)  raajc 

one  as  a  funotion  of  K  and  one  as  a  funotion  of  AX.  From  figures  VA  38  it  oan  bs  concluded  that 


ft  -  f  -  f2(Kmax’R> 


f3  (AK’Kmax> 


Several  investigators  have  tried  to  establish  smpirioal  relations  whioh  attempt  to  incorporate  the  effeot 
of  the  oyole  ratio,  suoh  that  all  data  could  be  oondensad  to  a  single  ourve.  Broek  and  3ohiJve  [89) 
proposed  a  oomplioated  relation,  but  also  the  following  mors  simpls  ones 

ft  -  *  (36) 

A  similar  equation  was  given  by  Erdogan  (91)  .  Walker  (92,93]  used  the  more  general  equation 

ft  -  0  Cx  **  (37) 

whioh  he  modified  by  introducing  an  effeotivs  SR,  yielding 

U  -  0  SR"  with  3K  .  S^  (l-Rj^y^FI  (38) 

Forman  et  al  (94,95]  proposed  that  da/dn  should  beoome  infinite  when  the  oraok  reaches  a  oritioal  siss, 

i.e.  when  K  reaches  K.  (see  ohapter  VA  3).  They  arrived  at 
sax  to 


whioh  oan  be  rearranged  to  givei 
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(40) 
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*o  ‘ 
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Ths  differences  among  thasa  axpressions  ars  not  large,  and  nona  of  them  haa  a  general 
applicabil  lty  i  but  aaoh  ona  may  be  found  raaaonably  applicable  in  a  limit  ad  rag-ion  or  for  limited  aata  of 
data. 


Tba  queation  ariaas  whether  aq  (35)  etlll  holds  for  R  <  0,  i.a.  whan  tha  straasat  go  into 
ooapraasion.  A  crack  la  not  ouch  of  a  atraaa  raisar  in  compression  and  tha  axprasaiona  for  X  loaa  their 
meaning.  This  suggests  that 

&  -  fO^)  for  R<0  (41) 


Thera  have  bean  many  arguments  about  tha  validity  of  aq  (41).  The  data  (96}  plotted  in 
figure  I I A  37  seam  to  support  tha  aquations.  Of  course,  a  crack  will  not  always  olosa  exactly  at  tha 
moment  tha  stress  reverses  from  tension  into  compression.  Tha  moment  of  oloeure  will  depend  upon  tha 
magnitude  of  the  crack  tip  opening  attained  in  tha  tension  part  of  tha  cycle  and  upon  tha  plastia 
deformation  propertlea  of  the  material  [97]  •  Therefore,  aq  (41)  should  probably  be  modified  intoi 

jjj  -  ft  (ax,  x^)  -  f2  (X^.R)  for  R  >  o 

&  -  'j  for  11  <6  <42) 

b  f .  (material  properties) ~  0 
4 

e)  Versatility  of  the  concept!  oracka  emanating  from  holes 

A  relation  of  tha  fatigue  craok  propagation  rata  with  tha  strees  Intensity  factor  is  ver' 
useful,  beoauae  tha  strees  intensity  factor  can  be  calculated  for  many  different  design  configurations. 

Once  a  plot  of  tha  type  of  figures  IIA  J4  through  37  ia  obtained  for  a  particular  configuration  it  is 
principally  possible  to  prediot  fatigue  crack  propagation  in  any  othar  configuration  for  which  tha  itresa 
intensity  factor  is  known.  This  can  be  proved  by  showing  that  orack  propagation  data  obtained  from 
specimens  of  different  configurations  fall  on  a  single  curve. 

Figure  VA  38  shows  data  presented  by  Figgs  and  Newman  [93]  for  two  practical  cases!  the 
first  is  tha  uniformly  loaded  panel,  tha  othar  tha  wedge  foroe  loaded  panel.  The  latter  haa  a  certain 
similarity  to  a  bolt  or  rivet  fores.  The  stress  intensity  factor  for  the  wedge  force  loading  decreases 
with  orack  length,  for  the  uniformly  loaded  panel  it  Increases  with  crack  length  (sse  figure  VA  38b).  This 
implies  that  the  rate  of  crack  growth  in  the  wedge  force  loaded  panel  is  high  at  the  start  of  the  test,  but 
it  gradually  decreases  as  the  crack  proceeds,  whereas  tha  reverse  oocurs  in  ths  uniformly  loaded  panel.  In 
tha  plot  of  da/d n  versus  AX  the  data  of  ona  teat  run  from  lower  left  to  upper  right,  tha  data  of  tha  other 
test  run  from  upper  right  to  lower  left.  Tat,  a  single  curve  can  be  drawn  through  tha  data  points. 

Another  practical  ossa  is  a  crack  emanating  from  a  hole  or  cut  out.  Soma  data  for  this 
configuration  ware  presented  by  Figge  and  Newman  [98]  .  Cats  obtained  recently  by  Broek  (99]  are  given  in 
figure  VA  39.  Tha  stress  intensity  for  a  through  crack  emanating  from  a  circular  hole  was  determined  by 
Bowie  [19]  and  was  presented  here  in  chapter  V.A.3,  aq  (19).  Xsida’s  flOO]  correction  for  craok  eccentric¬ 
ity  can  be  applied. 

According  to  figure  VA  39  there  seems  to  be  a  large  discrepancy  between  normal  crack 
growth  data  and  those  for  cracks  at  holes.  This  is  partly  due  to  the  fact  that  cracks  at  holss  experience 
only  a  very  limited  range  of  AX  values.  In  this  range  relatively  many  crack  growth  reoords  are  mads  and  ths 
relative  error  is  large  in  measurements  of  small  As,  which  may  have  led  to  a  larger  scatter.  Bowles 
solution  implies  (chapter  VA  3)  that  tha  hole  may  be  considered  part  of  tha  crack  as  soon  as  ths  ratio 
between  crack  length  and  hole  radius  is  in  the  order  of  0,2.  Then  the  crack  plus  the  hole  oan  be  considered 
as  a  craok  of  effective  length  L  +  D  (see  figure  VA  40).  When  this  ia  done,  it  seems  that  the  orack 
propagation  curves  for  the  oracks  at  holes  agree  very  well  with  the  curve  obtained  from  a  normal  test 
(fig.  VA  40).  It  should  be  noted,  however,  that  figure  VA  40  gives  the  propagation  our^e  of  a  crack  with 
2  tips,  which  grows  at  a  rate  2  da/dn  (da/d n  at  eaoh  tip).  Ths  oracka  at  holes,  having  only  one  tip,  appear 
to  increase  in  total  length  (L  t  1)  as  if  they  had  two  tips. 

An  extrapolation  of  orack  growth  data  to  other  configurations  is  principally  possible, 
but  it  appears  that  it  has  to  be  done  with  care.  Extrapolation  to  complicated  structural  geometries  such  as 
built-up  shaet  structures  and  sandwioh  panels  will  be  discussed  in  chapter  V.B.l, 

d)  Shortcomings,  practical  standpoint 

Fatigue  crack  propagation  ia  affected  by  many  factors.  The  conspicuous  influence  of  the 
environment  on  the  rate  of  crack  growth  has  been  the  subject  of  many  investigations  on  a  variety  of 
materials  [101  through  105]  .  Aircraft  structures  will  be  fatigued  in  an  environment  of  engine  fuel 
(integral  wing  tanka)  or  air,  which  may  contain  varying  effects  of  water  vapour.  Only  little  is  known 
about  the  influence  of  engine  fuel.  It  has  been  shown  that  the  rate  of  fatigue  crack  propagation  in  normal 
wat  air  can  be  an  order  of  magnitude  higher  than  in  vacuum  [102,106]  .  According  to  Hartman  [lOl]  the 

_ r  ~  "  —  -----  ‘  ";v~*  ‘  —  the  ret—  — rather  than  the  oxygen.  He  obeerved  the  ease 

rate  of  growth  in  wet  argon  and  wet  oxygen  ana  ago.  a  - —  _  I.  ■“  — —  —  —  — 

and  dry  oxygen.  Thie  concerns  an  aluminium  alloy.  In  a  review  of  tho  effect  of  environment  Achter  [107J 
concluded  that  for  other  materials  tha  reverse  may  be  true. 

There  is  no  concurrence  of  opinion  [e.g.  102,108,109]  as  to  ths  sxplanation  of  ths  influencs 
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FIG.  VA  41  FATIGUE  CRACK  PROPAGATION  IN  2014 -T  3  ALUMINIUM  ALLOY  SHEET  OBTAINED  FROM  SEVEN 
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of  tho  environment  on  the  rnto  of  propagation  of  fatigue  crack*.  It  la  likaljr  that  different  explanations 
will  apply  to  d.fi  'root  aatorlal*.  Tho  affaot  1*  eortalnly  a  roault  of  oorroaivo  action  and  am  ouch  It  la 
tlaa-dapandant.  Thirafora  It  la  uaually  assumed  that  tha  environmental  affaot  la  aaaoolatad  with  tha  small, 
hut  ayataaatle  aff'Ot  of  oyoling  frequenoy  (102,109,110,1113  . 

It  la  alaar  that  alight  variations  In  anvlronaental  circunataneaa  aay  be  the  oauaa  of 
eonaldarabla  dlffaranoaa  In  tha  obaarvad  orach  propagation  propartiaa  of  a  given  alloy.  Aa  reported  by 
Sohljva  and  Da  Rljk  (l  12]  an  alloy  of  noainally  tha  aaaa  composition  but  made  by  different  manufacturer* 
aay  have  largely  different  crack  propagation  propart. •*,  which  la  llluatratad  in  figure  VA  41.  Similar 
varlationa  aay  occur  for  different  batcuee  of  material  aa  p. educed  by  on*  and  the  tarn*  manufacturer  (i  12^ . 

Apparently  tha  rata  of  fatigue  crack  propagation  la  not  auch  a  oonaiatent  material  properly 
a*  tha  tensile  strength  and  tha  yield  stress.  Katigue  crack  growth  la  influenced  by  so  many  uncontrollable 
factors  that  It  aaaoa  an  even  lass  consistent  property  than  the  fracture  toughness.  This  implies  that  a 
largo  scatter  has  to  be  axpeoted  in  practice,  which  is  rafleoted  already  in  the  wide  acatterbanda  in  tha 
data  plots  of  da/dn  versus  dll. 

Than  It  Bust  be  ooneluded  that  there  la  little  basis  for  arguasnts  about  the  usefulness  of 
tha  various  axprassions  for  tha  relation  da/dn-AX  diacursad  in  this  chapter.  Tha  development  of  such  an 
axprassion  based  on  sound  physical  arguaents  should  be  encouraged!  it  any  show  which  basic  parameters  are 
involved.  The  developaent  of  new  eapirical  expressions  to  condense  the  date  should  not  be  discouraged,  but 
their  publication  certainly  should.  Tha  large  scatter  m  actual  data  iapliea  that  any  empirical  expreaaion 
aay  have  eertain  merits  (particularly  when  applied  to  limited  aaounta  of  data  and  alloys). 

Whan  predictions  of  crack  growth  havs  to  nade,  it  will  always  be  neoeesary  to  apply  a  large 
safety  factor,  in  view  of  the  effaota  discussed  above.  Therefore  no  particular  expreaaion  for  da/dn  will 
havs  large  advantages  above  another  that  givss  a  reasonable  data  fit.  Tha  use  of  a  particular  axprassion 
will  be  very  auoh  a  natter  of  taste  and  therefore  e  beat  polynoaial  fit  aay  bo  the  aost  suitable  in  view 
of  computer  application.  This  oonclualon  la  the  more  true  because  of  the  complicating  factor  of  variable 
amplitude  loading  aa  will  bs  discussed  In  the  following  section. 

V.A4.3  Varlebl e-aapl  1  tude  service-loading 

So  far  tho  discussion  has  bean  limited  to  constant  aapl.tude  oyoling.  Since  the  eervice- 
load  experience  of  an  aircraft  la  by  no  means  of  oonetant  amplitude,  the  ultimate  goal  of  this  chapter 
la  to  auamarlsa  tha  availabla  mesne  to  predict  fatigue  crack  propagation  under  random  loading.  Although 
a  vast  amount  of  publications  axlat  on  variable  amplitude  fatigue  tests,  tha  literature  on  crack 
propagation  under  variable  amplitude  loading  is  not  abundant. 

Tha  Interaction  affects  of  oyolaa  of  dlffarant  anplitudea  la  large  In  oaae  of  crack  propagat¬ 
ion.  This  can  be  demonstrated  (Schijv*  and  Broek  (113,1143  ,  Hudson  and  Kardrath  (llj)  )  by  applying  ovex-- 
loada  in  a  oonetant  amplitude  test.  If  an  overload  is  applied  in  a  constant-amplitude  crack-propagation 
test,  crack  growth  during  subsequent  constant-amplitude  oyoling  will  be  extremely  alow.  Figure  VA  42 
(113,1143  illustrates  the  retardation  effect  of  overloads  on  orack  propagation.  The  peak  load  has 
Introduced  e  large  plastic  sons  at  the  orack  tip.  This  sons  ia  stretched,  but  after  unloading  it  still 
has  to  fit  In  tha  surrounding  alastlo  materiel.  Consequently,  the  surrounding  aatorlal  will  exert 
eompreeslve  stresses  (li3,U4j  on  the  plaetloelly  deformed  material  at  tbs  orack  tip.  Aa  soon  aa  tha  orack 
has  grown  through  the  eras  of  residual  stresses ,  the  original  orack  propagation  ourvo  will  bo  resumed 
again. 

Short  range  interaction  effects  can  be  studied  fraotographioally  [116,117,1163  ,  but  the 
interaction  affaot  can  extend  over  thousands  of  cycles.  The  delay  in  orack  propagation  depends  upon  the 
magnitude  of  the  overload  (119]  aa  is  demonstrated  by  figure  VA  43.  The  figure  shows  that  amall  over¬ 
loads  causa  a. ready  a  small  daisy  and  that  node rat*  overloads  nay  causa  delays  expressed  in  many  thousands 
of  eyolea.  A  vary  high  overload  aay  prevent  aay  orack  propagation  at  eubeoquant  low  amplitude  oyoling. 

■agative  loads  are  not  liable  to  build  up  residual  atresaea,  because  a  orack  la  not  much  of 
a  at re as  raiser  in  aompression.  Frequently  applied  perlodlo  negative  loads  in  e  oonetant  amplitude  crack 
propagation  teat  oaueed  praotioally  no  interaction  effeote  (l20]  and  tha  orack  propagation  was  in  good 
agreement  with  predictions  based  cn  a  linear  damage  rule.  Consequently,  the  so  called  ground-air-ground 
cycle  will  not  be  very  damaging  by  itself  (apart  from  contributing  one  large  fatigue  oyole),  but  ie  la 
detrimental  In  aa  lndireot  way,  because  it  anniUlatee  partly  the  residual  streesea  built  up  by  positive 
overloads  [113,1143  and  it  therefore  re  duos*  tha  lattarb  beneficial  affect  (see  figure  VA  42). 

Similar  interaction  effaota  occur  during  variable  amplitude  cycling  [113,114,113,12)3  and 
random  loading  [1223  .  Therefore  fatigue  orach  propagation  during  actual  service  loading  is  an  important 
eubjaot  of  rsaoaroh.  In  tUa  respect  tha  advanced  work  of  Schi  jve  [111,121,123,124,1253  on  flight 
simulation  loading  deserves  ample  attention.  Figures  VA  44  and  VA  45  present  a  survey  of  his  recults. 
Trunoatloa  of  tha  applied  gust  spectrum  gives  the  hast  impression  of  the  interaction  effeote.  Truncation 
means  that  tha  magnitude  of  tha  hi'-faeet  gust  cycles  (only  a  nail  number  of  oyclea  of  the  total  spectrum) 
la  reduced  to  the  next  highest  level  (i.e.  no  loads  are  oadtted).  Further  truncation  reduces  all  largest 
oyolea  and  all  oyolea  of  the  aeoond  highest  level  to  the  magnitude  of  the  third  highest  level,  etc. 
According  to  figure  VA  44,  truncation  of  the  two  highest  levels  already  reduoed  the  orack  propagation 
’"r  *■’"  -  •  •  ;  “  ~T  «f  the  losrast  amplitude  oyolea  had  only  a  small 

affect.  It  appears  that  craax  propagates*  **»  — —  - _ _ *  — - **- —  — - -  -  .  r 

airoraft  encounter*  lees  severe  service  loading  than  was  foreseen. 

The  large  retardation  affaot  of  a  single  overload  in  a  constant  amplitude  test  oannot  yet  be 
aeoounted  for  in  the  relation  between 'da/dn  and  AX.  This  shows  that  there  must  be  u  effect  of  stress 
history  on  this  relation,  although  such  an  affaot  did  not  appear  in  eonstant  amplitude  testa  (e.f. 
figure  VA  38  for  largely  different  AX  histories).  In  ease  of  random  load  teats  and  flight  simulation 
tests  some  effective  AX  oould  be  defined,  e.g. 
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FIG.  V  A  45  CRACK  PROPAGATION  CURVES  IN  FLIGHT  SIMULATION  TESTS  OF  SCHIJVE  [123.  124,  125].  SEE  ALSO  PREVIOUS 

FIGURE. 
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FIG.  VA  46  CRACK  PROPAGATION  AND  STRESS 
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FIG.  V  A  47  DIFFERENT  K  HISTORY  IN  CONSTANT 
AMPLITUDE  TESTING. 
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FIG.  V  A  48  THE  TRANSITION  OF  A  FATIGUE  CRACK  IN  SHEET. 


(43) 


tx  -  or  ax  .  a^^ffe 

In  th*M  expression*  8  la  tha  root-maan-equar*  ralua  of  tha  randoa  load  and  8  ia  acm*  measure  of  the 
amplitude  In  flight  alhulation  tests  under  tha  condition  that  difference*  batwaan'tast  will  oonalat  of 
proportional  i  nor*  an  a  or  raduotlon  of  all  atraaaaa  ia  tha  saqueno*.  Paris  (76]  haa  suggested  already  that 

da/dn  .  f(3t)  (44) 

Eq  (44)  waa  ohaokad  by  So hi Jr a  fill]  with  data  froa  flight  simulation  taata.  Soaa  raaulta  ara  ah own  in 
flgur*  VA  46,  whioh  shown  data  of  fiva  flight  aiaulatlon  taetswith  exactly  tha  aaaa  oyoling  saquanoa,  hut 
all  atraaaaa  in  ona  taat  war*  raduoad  proportionally  with  raapaot  to  thoat  in  anothar  taat  (aaaa  R).  Tha 
data  eartainly  do  not  fit  a  aingla  ourv*.  This  haa  to  b*  attrlbutad  to  lntaraotion  affaota. 

Aotually,  tha  rotation  batwaan  da/dn  and  X  haa  to  b*  supplemented  by  tha  paraaatar  dX/da  fill]  . 
Consider  tha  variation  of  AX  in  two  oonataat  amplitude  taatain  flgur*  VA  47.  At  a  oraok  length  in 
apaoiaan  A  and  a  oraok  langth  a,  in  spaoiman  B  tha  aaaa  AX-valuaa  apply  and  tha  oraok  propagation  ratoa  aay 
b*  axpaotad  to  b*  aqusl.  Hanoa. "both  oracka  axtond  tha  aaaa  aaount  ha  to  a,  a  da  and  a_  +  ha  and  than  hava 
c  diffaront  AX  and  a  diffarant  propagation  rata.  At  a  oraok  langth  *A  +  ha*  and  a^  *  hag  tha  X  value*  are 
al*i  the  aaaa.  However,  ainoa  ha^  /  Aa-  tha  oyollo  strain  hiato-iaa  of  tha  oraoatips  will  b*  diffarant. 
Largat  diffaranoae  in  oyollo  strain  hiatoriaa  ooour  In  tha  oaaa  of  figure  VA  18  and  of  oourao,  ia  a 
flight  aiaulatlon  taat. 

Aooordiag  to  Sohijva  fill]  equal  oraok  rata*  aay  b*  axpaotad  if  both  X  and  dX/da  ar*  equal  1 

da/dn  .  f (hi,  1^,  dX/da)  (45) 

Apparently,  tha  affaot  of  the  X-hi story  ia  negligible  if  tha  load  aaplitud*  is  not  abruptly 
varied,  but  if  there  ar*  significant  amplitude  changes  the  X-hi story  la  iaportant  (ill]  • 

V.A.4.4  Paotora  affaotinx  oraok  oropagstion 

Whan  pradiotlons  of  oraok  propagation  have  to  eada,  data  should  b*  available  relevant  to  the 
conditions  prevailing  in  aarvio*.  Those  data  aay  b*  hard  to  get,  ainoa  fatigue  oraok  propagation  ia 
affaotad  by  an  endless  number  of  parameter*.  Tha  influence  of  the  environment  and  of  the  oyoling  frequency 
in  relation  to  the  environment  have  been  discus  sad  already  in  Motion  V.A.4.2,  Tests  ar*  usually  not 
parforaad  under  oontrollad  environmental  conditions  and  part  of  tha  aoattar  in  fatigue  data  aay  be 
attributed  to  this  faot.  Por  this  reason  tha  affaot  of  environment  waa  already  considered  la  a 
previous  aaotion.  Besides,  tha  environmental  condition*  in  eervio*  usually  ar*  not  wall  known  elthar. 

Among  tha  naay  factor*  that  affaot  oraok  propagation,  the  following  should  b*  taken  into 
consideration  for  oraok  growth  pradiotlons 1 

а)  Thickness 

б)  Type  of  product 

0)  Hast  treatment 

d)  Combined  loading 

*)  Cold  deformation 

f)  Taaparature 

(g)  (Manufacturer} 

(h)  (Batoh-to-batoh  variation) 

( J) (Environment } 

Por  tha  factor*  lower  in  this  list  it  ia  las*  likely  that  they  can  b*  properly  accounted  for.  Mo  at t sept 
will  b*  mad*  to  Illustrate  tha  affaota  of  all  thaaa  faotora  with  data,  particularly  because  some  fact ore 
will  have  largely  different  effeote  on  different  aaterlale.  Xor,  will  it  ho  tried  to  give  a  list  of  all 
tha  existing  literature  on  these  subjects.  Rather ,  some  general  trends  will  be  briefly  mentioned,  merely 
to  indioat*  the  existence  of  tha  affect  of  a  particular  parameter)  a  few  antrisa  to  tha  literature  aay 
faoilitat*  tha  aaaroh  for  aor*  data. 


The  affaot  of  material  thickness  can  rather  wall  ba  accounted  for,  because  the  thioknees  of 
the  oosq>onsnt  under  consideration  will  be  readily  known.  In  shaats  there  Is  a  small,  but  systasatio 
affaot  of  thickness  on  oraok  propagation  [126,127,126,129]  •  Tha  affaot  appears  to  exlat  primarily  bafote 
tha  fracture  mod*  transition  (126,127]  ,  Fatigue  oraoka  In  ahaats  always  start  as  a  tenaila-mod*  oraok 
perpendicular  to  tha  sheet  surface .  When  the  oraok  grows  in  length  tha  size  of  tha  plastic  son*  Inc  rasas* 
and  plan*  stress  oan  finally  develop.  This  causes  tha  fatigue  crack  to  ohang*  to  single  or  double  shaar 
(79,130]  aa  depicted  in  figure  VA  48.  Plane  stress  davslops  whan  the  sis*  of  tha  plastio  ton*  is  in  tha 
order  of  tha  shMt  thickness.  Therefor*  it  la  oonoalvabla  that  the  thioknees  affaot  is  related  with  tha 
fracture  mode  transition.  Soma  data  [126,127]  ar*  presented  in  flgur*  VA  49,  showing  that  growth  ratoa 
ar*  slightly  higher  in  thicker  sheets.  In  tha  latter  tha  transition  will  require  a  larger  plastio  son*  and 


1  *»«*».  m* 


Crack  propagation  in  very  thick  sections  tnoonpasses  some  nor*  problem*.  Tha  oraoka  will 
develop  aa  quarter  elliptical  oomer  oraoka  or  Mmi-alliptioal  surface  flaws.  Tha  stress  intensity  varies 
along  the  front  of  tha  flaw  and  its  maximum  value  depend*  upon  flaw  shapa.  This  haa  bean  outlined  in 
ohaptar  V.A.2.  Assuming  that  tha  rata  of  crack  propagation  ia  a  unique  funotion  of  tha  crack  growth  rata, 
it  follows  that  tha  oraok  growth  rat*  will  vary  along  tha  front  of  tha  flaw.  Tha  latter  implies  that  the 
flaw  shape  will  gradually  change  to  semi -circular  where  X  and  da/dn  are  constant  along  tha  periphery. 
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PIC.  V  A  49  THE  INFLUENCE  OF  SHEET  THICKNESS  ON  CRACK  PROPAGATION. 
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FIG.  VA  50  SURFACE  FLAW  GROWTH  CURVES[l34]. 


FIG.  VA  51  COMBINEO  STRESS  CRACK  GROWTH  [138], 


CRACK  GROWTH 
UFE  (  I0J  CYCLES) 


FIG.  VA  52  INFLUENCE  OF  STRAINING  BEFORE  AGEING 
ON  CRACK  GROWTH  [139.  140] 


FIG.  VA  5’  EFFECT  OF  TEMPERATURE  ON  CRACK  GROWTH 
[144], 


Th*  anisotropy  of  thick  Motion*  (chapter  V  .1.2)  nay  mum  a  different  behaviour. 


The  propagation  of  aurfaoa  flaw*  ha*  bean  investigated  by  Fr&noie  (131]  and  Hall  (132, 133,134] . 
It  waa  noted  that  the  oyolio  life  is  primarily  a  funotion  of  the  ratio  K,/K.  in  vhloh  K  is  the  maximum 
initial  stresa  intensity  in  the  first  oyole  and  K-  is  th*  fracture  toughneiS.  In  ohaptef  V.A.2  it  was 
shown  that  an  elliptloal  flaw  oan  be  described  by  a/Q  in  whioh  a  is  th*  eeal-ainor  axis  of  th*  ellipse  and 
Q  is  a  flaw  shape  pareaeter.  Th*  experiaents  of  Hall  f 132 , 133, 1 34)  indicate  that  there  is  a  relation 
between  d(a/Q)/dn  and  th*  stress  Intensity  factor  in  analogy  with  th*  caa*  of  aheatsi 


dn 


t  (hi,  X _ ) 


(46) 


Figure  VI  5°  ahows  th*  validity  of  eq  (46). 


By  Motioning  anisotropy,  th*  foregoing  discussion  has  already  touched  th*  effeot  of  type  of 
product.  Th*  oraoh  propagation  oharaotaristio*  for  a  particular  alloy  will  differ  for  plate,  extruaiona 
and  forgings,  while  especially  the  latter  nay  exhibit  a  rather  large  anisotropy.  Fatigue  orach  propagation 
in  forged  Mterial  has  been  studied  by  Van  Leeuwen  (135)136]  .  Closely  related  to  this  are  the  other 
processing  variable*  and  particularly  th*  heat  treataant.  The  heat  treatment  oan  have  a  large  influeno* 
on  fatigue  crack  growth  and  th*  effeot  nay  be  different  for  different  alloys  [16,129,135,136,137]  .  A 
heat  treatMnt  designed  to  lnprov*  e.g.  stress  corrosion  resistance  say  not  always  be  beneficial  for 
fatigue  (135,136]  and  therefor*  it  is  worthwhile  to  oheok  also  fatigue  oraok  growth  rat*  whan  ohanging  th* 
heat  treatMnt  to  suit  other  purpoMS. 


Th*  paraMters  disouseed  so  far  are  fairly  well  defined  and  their  effeot*  oould  be  accounted 
for  in  oraok  growth  prediction*  if  pertinent  data  are  available.  The  conditions  of  ooabined  loading,  oold 
defamation  and  tesperature  are  usually  less  well  defined.  In  oaa*  of  oonbined  tension  and  shear  loading, 
it  is  the  position  of  th*  crack  that  is  not  known  exactly.  The  problem  of  mixed  mod*  loading  ha*  been  die- 
cussed  in  chapter  V.A.3.  It  is  determined  by  th*  stress  intensity  factors  KL  ,K  and  X  for  th*  different 
fraotur*  modes.  In  case  of  aircraft  wings  and  fUMlages  whioh  are  subjected  to  binding  ■'and  torsion  there 
exists  a  ooabinatlon  of  Kj  and  K^. 

Crack  propagation  under  conditions  of  ooabined  loading  have  been  studied  by  Walker  [93]  who 
oonaidered  th*  oas*  of  biaxial  tension  and  by  Ildl  and  Xobayaahi  [138]  who  considered  X,  ,  X  ooabined 
loading.  Som  data  of  th*  latter  investigation  are  presented  hare  in  figure  VA  51.  It  turned  out  that  the 
oraok  tries  to  persist  to  th*  direction  of  maximum  Kj  value,  with  the  X  value  reducing  to  its  minimum 
(insert  in  figure  VA  51).  Iida  and  Xobayaahi  concluded  that  th*  existence  of  even  a  small  X  , increase* 
th*  oraok  propagation  rate  signifloantly.  (It  should  be  noted  that  da/dn  in  figure  VA  51  la2baaed  on 
projected  crack  length  in  X  direction.  Since  the  crack  has  initially  a  steep  inclination  th*  actual  growth 
ret*  is  muoh  larger  than  th*  on*  based  on  projected  length).  Thi*  is  further  illustrated  by  th*  following 
reeultai 
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In  general,  aluminium  alloys  are  stretched  between  quenching  and  ageing.  Also  many  material 
applioationa  in  aircraft  structures  require  deformation  by  banding  or  bending  and  stretching  (ourveture  of 
skin  panels,  Joggling,  flanging).  Thi*  deformation  affaote  th*  ductility  due  to  work  hardening  and  due  to 
its  Influeno*  on  subsequent  ageing.  Consequently,  it  may  be  expected  to  affeot  also  th*  rat*  of  fatigue 
oraok  propagation.  Fatigue  oraok  propagation  of  2024  aheats  are  beneficially  influenced  by  strains  of 
1  to  3  P*r  oent  (139,140)  ,  but  larger  strains  introduce  too  much  work  hardening  end  th*  properties  de¬ 
cree**  again.  This  la  illustrated  in  figure  V  A  52.  It  le  self-evident  that  th*  effect*  oan  b*  different 
for  other  alloys. 

Almost  all  material  properties  depend  upon  temperature  and  on*  of  these  is  th*  ret*  of 
fatigue  oraok  propagation  (141,142,143,144,145]  .  Kodarn  alroraft  fly  at  high  altitudes,  where  low 
temperatures  prevail.  Du*  to  th*  large  heat  capacity  of  the  fuel  th*  structure  may  etlll  be  oold  during 
deeoent  when  gusts  are  encountered  and  aaneuvaring  loads  oocur.  Low  temperatures  tend  to  have  a  beneficial 
affeot  on  oraok  propagation  properties  (144}  aa  depiotad  in  figure  VA  53.This  i*  a  result  of  the  low 
moisture  oontent  of  oold  sir. 

tb*  most  difficult  factor*. to  aooount  for  in  tbs  prediction  of  crack  growth  ar*  th* 
smnufaetursr-to-manufaoturer  variation,  the  bateh-to-batoh  variation  and  th*  affeot  of  environment.  Schijv* 
[112)  has  proposed  to  kMp  close  record  of  crack  propagation  properties  of  all  Mtarial  is  stock,  by 
performing  a  standard  oraok  propagation  test  on  each  new  delivery.  If  this  is  net  feasible  tb*  variation 
of  oraok  propagation  properties  oan  only  be  accounted  for  in  a  safety  factor.  Th*  s*M  will  usually  be  th* 
oas*  for  th*  environmental  effeot  end  also  for  the  effsot  of  msay  factor*  discussed  above.  To  determine  a 
rational  safety  factor,  it  is  a  prerequisite  for  th*  designer  to  have  a  fair  knowledge  of  factors  that 
affeot  oraok  growth  and  to  have  som  insight  into  th*  nature  of  th*M  effeot*. 

V-I.l.t  “ssi a — --■»*—  «-  y»4 .r.  <«.t» 

From  th*  foregoing  discussions  it  may  appear  that  it  is  virtually  inpoaaibl*  to  arrive  at  aa 
aoeurat*  prsdiotion  of  th*  rat*  of  fatigue  oraok  propagation  in  an  actual  alroraft  structure.  For  th*  case 
of  oonstant  amplitude  there  ar*  already  mo  many  complicating  factor  a  that  reliable  sstiMte*  of  a  crack 
propagation  curve  does  not  seta  feasible.  In  oaa*  of  an  aircraft  structure  there  is  th*  additional 
difficulty  of  a  complex  geometry.  Then  there  is  th*  tremendous  problem  to  predict  th*  oraok  propagation 


under  ruidoa  loading  In  thin  complex  aircraft  ntructum.  In  chapter  V.B  thla  problem  win  bn  analysed  and 
tt  Mill  bn  trlnd  to  dnvntop  thn  anana  to  predict  thn  crook  propagation  aa  aocur.tely  aa  is  possible  in  tha 
pmannt  stage  of  development. 

A  prndlction  of  eraek  propagation  will  havn  to  bn  baand  on  teat  data  which  are  applicable  to 
tha  eaaa  under  consideration,  aa  for  tha  type  of  tutorial ,  environmental  eonditiona,  ato.  Such  data  nay  ha 
available  in  a  plot  of  da/dn  varaua  tha  atrnaa  intanaity  factor.  Whan  tha  loading  oonditiona  ara  known, 
prodletiona  oan  bo  nada  by  aa  integration  procedure i 


in  which  a  ia  tha  aininua  dataotabla  crack  aiza  and  a  ia  tha  critical  crack  length.  Such  an  integration 
will  probably  be  carried  out  by  an  electronic  coaputareand  therefore  it  need  not  neceasarily  be  baaed 
on  an  analytical  ralation  between  da/dn  and  the  atrnaa  intanaity  factor.  Aa  diacuaeed  in  aeotion  V.A.4.2 
a  beat  fit  polynomial  nay  be  sore  auitabla. 

The  integration  for  real  aircraft  aervioe  loading  will  receive  ample  attention  in  chapter 
V.B,  together  with  other  aeons  to  predict  crack  propagation  under  such  clrcuoatancea.  Tha  problems 
involved  in  the  treatment  of  comp  laic  atruoturea  will  also  be  disoussed  in  that  chapter. 
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PAIL  3APE  DESIGN  CONCEPTS  AND  FATIGUE  CHACK  PROPAGATION  IN  REAL  STRUCTURES 


V.B.l  THE  PREDICTION  OP  CRACK  PROPAGATION 
D.  Broek 


V.B.l.I  Introduction 

In  order  to  apply  the  fail-safe  oonoept,  it  is  necessary  to  make  a  reliable  estimate  of  the 
number  of  flight  hours  it  takes  to  propagate  fatigue  oraoks  from  the  minimum  detectable  size  to  the 
oritioal  size*  Inspection  intervals  will  have  to  be  based  on  this  estimate,  or  rather  fatigue  oraok 
propagation  should  take  so  muoh  time  that  it  oovers  two  or  three  inspection  periods.  The  prediction  of 
fatigue  oraok  propagation  rates  and  oraok  propagation  time  for  the  real  struoture  should  ooour  on  the  basis 
of  relevant  data  as  for  fatigue  loads,  oraok  propagation  data  and  structural  geometry. 

Fatigue  oraok  propagation  is  affected  by  a  large  number  of  parameters,  whioh  were  desoribed 
in  the  previous  ohapter.  It  will  often  be  difficult  to  obtain  the  raw  oraok  propagation  data,  direotly 
applioable  as  a  basis  for  prediotion  of  fatigue  oraok  propagation  in  service.  The  available  data  may  be 
valid  for  slightly  different  oiroumstanoes,  material  thiokneas  or  heat  treatment.  In  that  oase  safety 
margins  will  have  to  be  taken.  The  information  given  in  the  previous  ohapter  may  be  of  help  in  making  this 
judgement . 


Information  about  the  fatigue  loading  may  be  available  in  the  form  of  a  load  apeotrum.  The 
use  of  this  information  for  the  prediotion  of  oraok  propagation  involves  some  speoifio  problems.  This 
ohapter  starts  with  a  disoussion  of  these  problems.  Thereafter  an  analysis  is  made  of  the  possible  means 
for  a  prediotion  of  oraok  propagation.  Finally,  particular  problems  are  disoussed,  regarding  built-up 
sheet  structures,  heavy  seotions  and  pressure  vessels. 

V.B.1.2  Load-time  history 

Load-time  histories  are  desoribed  by  statistioal  means.  The  various  aspeots  of  the  load  time 
history  of  an  airoraft  are  dealt  with  in  ohapter  V.B.l,  Usually,  the  load  data  will  be  available  in  the 
form  of  a  load  spectrum  or  a  power  apeotral  density  funotion.  The  latter  oan  be  translated  into  a  load 
apeotrum  if  the  load  is  a  Gaussian  phenomenon.  Load  speotra  are  different  for  different  types  of  airoraft. 
Large  oivil  airoraft  usually  have  a  load  speotrum  that  is  determined  primarily  by  gust  loads,  whereas  the 
load  speotrum  of  a  fighter  airoraft  will  be  determined  by  maneuver  loads.  These  two  basic  types  of  speotra 
are  depicted  in  figure  VB  1.  It  is  usually  assumed  that  the  spe-'ra  for  positive  and  negative  gusts  are 
symmetrio,  whioh  allows  presentation  by  a  single  ourve.  Maneuver  _  >otra  are  asymmetrio,  sinoe  heavy 
positive  maneuvers  are  more  frequent  than  their  negative  counterparts. 

It  is  worthwhile  to  be  aware  of  the  faot  that  load  speotra  are  the  result  of  oounting 
prooedures  applied  to  aotual  load-time  histories  suoh  as  shown  in  figure  VB  2,  All  oounting  methods  have 
the  tendenoy  to  neglaot  certain  small  load  reversals.  For  on  appraisal  of  the  different  oounting  teohniqueb 
reference  is  made  to  a  reoent  review  by  8ohijve  [1,2]  and  to  the  work  of  De  Jonge  [2]  and  Van  Dijk  [4]  . 

The  usefulness  of  the  various  oounting  methods  may  depend  upon  the  purpose  of  the  data.  When  the  data  have 
to  be  used  for  future  airoraft  design  the  usefulness  may  be  judged  on  hbw  well  the  oounting  method  has 
desoribed  the  aotual  load  data.  For  fatigue  oaloulations  the  usefulness  depends  on  how  well  the  method 
desoribes  those  loadswhioh  are  the  most  relevant  to  the  fatigue  prooess. 

It  should  be  pointed  out  that  resulting  load  speotra  do  not  give  any  information  about  load 
sequence.  This  brings  about  one  of  the  major  problems,  namely  the  definition  of  a  load  oyole.  The  oounting 
prooedure  also  has  to  oope  with  this  problem  in  order  to  analyse  the  load  time  history.  The  question 
arisesswhat  is  important  the  load  maxima  and  minima,  or  the  load  ranges.  As  is  illustrated  in  figure  VB  3 
a  oertain  load  sequenoe  oan  be  desoribed  in  various  ways.  The  analysis  of  the  various  oounting  methods 
(_  1,4,5]  pays  ample  attention  to  this  problem.  When  the  speotrum  has  to  be  applied  for  fatigue  evaluation 
a  similar  problem  arises. 

The  usual  prooedure  for  the  fatigue  oaloulation  is  to  oombine  upward  peak  loads  with  downward 
peak  loads  of  the  same  frequency  of  ooourranoe  in  order  to  generate  a  oomplete  load  oyole.  This  is  illustrat¬ 
ed  for  a  single  oyole  in  figure  VB  1.  Aotual  load  reoords  (fig.  VB  2)  do  not  justify  this  prooedure,  but 
it  considered  conservative  sinoe  it  generates  the  largest  possible  oyoles. 

By  using  the  load  speotrum  a  flight-load  profile  has  to  be  established.  This  requires  an 
analysis  of  the  various  missions  to  be  performed  by  the  airoraft  [6]  .  'Two  simplified  flight  profiles  [l] 
oonoerning  the  wing  bending  moment  are  shown  in  figure  VB  4.  The  following  oomments  applyi 

a)  Gust,  maneuvers  and  taxiing  loads  were  assumed  to  ooour  as  one  oyole. 

b)  The  sequenoe  of  loads  was  assumed  random,  without  any  correlation. 

o)  Flight  profiles  may  differ  from  flight  to  flight,  espeoially  with  respsot  to  the  large 
oyoles  and  the  number  of  oyoles. 

Flight-load  profiles  of  other  airoraft  parts  oan  be  largely  different  from  those  shown  in 
figure  VB  4  [7]  •  The  flight  profile  of  a  fuselage  struoture  will  basically  oonsist  of  one  or  two 
pressurization  oyoles  and  some  bending  and  torsion  due  to  tail  loads  during  maneuvering,  whereas  aero¬ 
dynamic  loads  oan  rather  be  negleoted.  The  flight  profiles  of  some  airoraft  members  may  be  relatively  easy 
to  determine,  beoaus*  the  loading  is  more  deterministic  than  probabilistic. 


FIG.  VB  1  OVERCRAFT  LOAD  SPECTRA. 
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FIG.  VB  2  STRAIN  GAGE  RECORDS  OF  THE  WING  BENDING  MOMENT  OF  2 
AIRCRAFT  FLYING  IN  TURBULENT  AIR  [2} 


TWO  OF  MORE  POSSIBLE  DESCRIPTIONS 
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FIG.  VB  3  DIFFICULTIES  IN  THE  DEFINITION  OF  LOAD  CYCLES. 


a.  TRANSPORT  AIRCRAFT. 
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k.  FIOHTER  AIRCRAFT. 

FIG.  VB  4  TWO  SIMPLIFIED  EXAMPLES  OF  ESTIMATED  FLIGHT  -LOAD  PROFILES  FOR  THE 
AIRCRAFT  WING  ROOT  STRUCTURE  Cl}. 
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V.B.1.3  Prediction  met  ho  da 

Estimates  of  fatigue  oraok  propagation  in  aervioe  can  be  arrived  at  along  three  different 
ways.  The  three  approaches  arei 

a)  Integration  of  oonstant  amplitude  data  and  making  use  of  a  linear  cumulative  damage  rule. 

b)  Integration  of  oonstant  amplitude  data  and  using  a  serai-empirioal  cumulative  damage 
oonoept . 

o)  Interpolation  between  flight  simulation  data,  directly  or  via  integration. 

The  merits  of  these  methods  are  disoussed  in  this  chapter.  It  turns  out  that  method  &  gives 
conservative  results,  method  b  requires  further  development  and  method  £  may  beoome  very  reliable,  onoe 
sufficient  flight-simulation  test  data  will  have  been  generated. 


a.  Integration  of  oonstant  amplitude  data  using  a  jjflgac  tnil» 


In  order  to  predict  oraok  propagation  under  variable  amplitude  loading  by  using  oonstant 
amplitude  data,  it  is  neoessary  to  make  use  of  a  oumulative-damage  mile.  Several  cumulative-damage  rules 
for  fatigue  have  been  put  forward  in  the  literature.  An  exoel lent  analysis  of  these  rules  has  reoently  been 
given  by  Sohijve  (2Y  .  He  oonoluded  that  with  respeot  to  life  estimates  a  theory  distinctly  superior  to 
the  Palmgren-Miner  p,<jij  is  not  available.  Of  oourse,  a  life  prediction  made  with  the  Palmgren-Miner  rule 
is  a  rough  estimate  only.  The  Palmgren-Miner  rule  has  the  inherent  shortcoming  that  it  does  not  aooount  for 
interaction  ef foots  of  high  and  low  load  oycles.  However,  the  procedure  contains  many  more  uncertainties, 
which  maybe  Just  as  detrimental  to  the  final  results,  as  are  the  shortcomings  of  the  Palmgren-Miner  rule. 
These  uncertainties  oonoernt 

(1)  The  magnitude  of  the  local  stresses. 

(2)  The  soatter  in  oonstant  amplitude  fatigue  data. 

(3)  Applicability  of  the  oonstant  amplitude  data  to  the  pertinent  oiroumstanoes. 

(4)  Insufficient  knowledge  of  expeoted  load-time  history. 


In  oase  of  oraok  propagation  the  shortcoming^  l)  through  (4)  apply  equally.  However,  the 
intrinsic  shortcoming  of  the  Palgren-Miner  rule  will  generally  yield  results,  which  are  on  the  safe  side. 
As  pointed  out  in  ohapter  V.A.4  the  interaction  effect  of  overloads  during  fatigue  oraok  growth  is  always 
a  retardation.  Negative  peak  loads  appeared  to  have  no  effect  in  itself,  but  could  reduce  the  retardation 
in  growth  oaused  by  high  positive  loads,  the  remainder  still  being  a  slight  retardation.  Apparently,  the 
net  interaction  effeote  tend  to  be  a  deceleration  of  oraok  growth.  Consequently,  the  negleotion  of  inter¬ 
action  affeots  by  the  Palmgren-Miner  rule  will  generally  be  on  the  safe  side.  Some  attempts  (10,11,12,13, 
14,19,43,44]  have  been  made  to  aooount  for  the  effeot  of  overloads  and  the  renidual  stresses  introduoed 
by  them,  but  a  quantitative  evaluation  for  oomplex  load  histories  is  still  difficult  and  oontains  many 
uncertainties.  It  must  be  oonoluded  that  the  Palmgren-Miner  rule  at  this  moment  is  still  a  reasonable 
engineering  damage  rule,  eepeoially  for  oraok  propagation  where  interaction  effects  will  exolude  unsafe 
estimates.  Shortcomings  in  the  prediction  will  be  largely  due  to  other  uncertainties  not  related  to  the 
damage  rule. 


For  a  prediction  of  oraok  propagation  with  the  Palmgren-Miner  rule  the  oraok  length  is 
oonsidered  a  measure  for  the  amount  of  damage.  In  itself,  Miner's  rule  oan  be  fairly  aoourate  for  oraok 
propagation,  if  oraok  length  is  taken  as  a  measure  for  the  damage.  Miner's  rule  states  that 


Hi.  +  +  Hi  «. ...  +  Hi. , 

N1  Na  N3  Si 


(1) 


for  failure.  It  is  a  linear  summation  of  ths  damage  that  ooours  at  various  stress  levels  S^,  S2  ... 

irrespective  of  their  individual  values.  Now  if  the  damage  oriterlon  were  a  given  length  of  oraok,  Miner's 
hypothesis  would  hold  if,  regardless  of  oraok  length  and  test  stress,  the  earns  fraction  of  total  lifetime, 
n/N  was  neoessary  to  propagate  the  oraok  over  a  given  interval.  Figure  VB  5  derived  from  [15]  ,  shows  for 
a  given  oraok  length  (2*  0,1,  0.2,  0.5,  or  1,0  mm),  and  for  all  test  stresses  somewhat  greater  than  the 

fatigue  limit,  that  the  fraction  of  total  lifetime,  n/N,  to  reaoh  that  oraok  length  is  essentially 
oonstant.  Thus,  Miner's  rule  appears  to  be  a  reasonable  approximation  for  fatigua-oraok  propagation, 
exoept  in  aooounting  for  interaction  affeots  as  disoussed  before. 

Various  ways  oan  be  followed  for  the  prediction  of  the  oraok  propagation  life.  The  most 
simple  approach  is  to  use  some  sort  of  S-N  curve  for  oraok  propagation.  This  ourve  gives  the  number  of 
oyoles  required  for  the  considered  amount  of  oraok  propagation  for  various  values  of  ths  constant  oyolio 
stress  (fig. VS  6).  The  Palmgren-Miner  rule  oan  be  dlreotly  applied  to  the  given  load  speotrum.  It  oan  be 
used  to  prediot  the  results  of  the  flight  simulation  tests  presented  in  figure  VA  44  of  ohapter  V.A.4. 
The  result  is  shown  in  table  VS.l,  the  taxiing  loads  have  been  ignored  sinoe  they  appeared  to  have  little 
eiisoti  the  oraok  propagation  life  in  oonstant  amplitude  tests  of  purely  ground  air  ground  oyoles  has  been 
estimated  at  26000  oyoles  and  60000  oyoles  for  the  707$  and  the  2024  material  respectively. 
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The  oraok  propagation  Ufa  of  2094  oottparss  with  tho  flight  simulation  data  (fig,  VA  44)  for 
tha  onaa  of  a  truncated  speotrum  to  8  •  6  k g/*e«.  This  naans  '.hat  pradiotlon  would  ha  valid  for  an  air- 

oraft  not  moating  excessively  high  gultl.  Tha  pradlotion  for  70?}  la  at  tha  low  aids,  If  tha  oontrlbution 
of  tho  ground-uir-ground  oyolM  would  ba  oaittad  in  tha  oaloulatior  (in  ordtr  to  ooqpsnssts  a  littla  for 
tha  ignored  retardation  affaota)  tha  raaulta  would  ha  9700  flights  and  t *}«  flights  for  tha  two  aatariala 
raspootivaly. 


An  altarnativa  method  would  ba  to  oonsidor  aaoh  flight  as  ona  load  oyola.  with  tho  maximum 
given  by  tha  highest  gust  load  in  that  flight  and  tha  minimun  by  tha  lowest  (nagativa)  gust  load  in  tha 
flight  or  tha  ground  condition,  whiohavar  is  tha  lowor  (aee  figure  VA  44  flight  type  E),  This  oaleulat- 
ion  leads  to  oraok  propagation  lives  of  6400  flights  and  2700  flights  respectively  for  tha  two  Materials* 
Again  tha  estimate  is  at  tho  safe  side.  This  procedure  ignores  tha  noaurrenoe  of  many  load  cycles  and  it 
must  be  expeoted  that  it  oan  easily  lead  to  unsafe  estimates. 

In  general  it  will  ba  more  useful  to  prediot  tha  oraok  propagation  behaviour  by  integration 
from  a  plot  of  da/d n  versus  AK  (figure  VA  34).  The  advantage  of  this  procedure  la  that  it  allows 
prediction  of  oraok  propagation  for  any  geometry  for  which  the  stress  intensity  faotor  is  known.  As  shown 
in  ohapter  V.B.2  the  atrese  intensity  faotor  oan  be  determined  for  built-up  sheet  structures  and  sand¬ 
wich  panels.  Consequently,  it  is  principally  possible  to  predict  tha  oraok  propagation  of  a  panel  of 
complicated  geometry  on  tho  basis  of  s  da/dn  varaua  AX  plot  obtained  from  simple  laboratory  apaolamna, 


Assuming  that  the  load  spectrum  le  known,  the  integration  procedure  oan  be  carried  out  In 

many  different  ways,  .tost  of  whioh  are  current  procedures  in  airoraft  design  [l?)  . 

a.  Integrate,  oyole  by  oyola,  in  random  order  storting  with  tho  minimum  detectable  crack  1  anyth  a, , 
subjected  to  a  stress  range,  AS,.  The  etreas-intensity  range  will  be  Kj  .  oBjyOra^.  find  ( da/an ^ 

from  a  plot  euoh  as  figure  VA  34.  The  oraok  will  extend  over  a  length  As  »  (da/d n}^  x  1  and  the  new 
orack  length  will  be  at  +  Aa,  whioh  will  meet  the  next  street  range,  8^,  ate. 

Thie  is  an  extremely  laborious  procedure,  sinos  it  requires  an  integration  ovar  thousands  of 
cycles.  The  oaloulation  will  have  to  be  performed  by  oonputer.  A  problem  is  the  sequence  of  loadai  the 
choice  will  be  a  particular  random  order.  A  high  load  applied  at  a  short  length  of  oraok  will  give  a 
relatively  low  AX  and  consequently  a  low  da/dn.  If  the  same  load  were  applied  at  a  large  oraok  ite  AX 
would  have  been  much  higher  and  Ite  contribution  to  oraok  growth  muoh  larger.  Henoo  the  reeult  of  the 
calculation  muat  be  expeoted  to  depend  upon  load  sequence. 

b.  Integrate  b.ooks  of  oyclee  of  the  same  amplitude.  For  simplicity,  the  growth  rate  may  be  considered  a 
constant  during  growth  of  a  small  inoreoent  of  oraok  length.  Application  of  this  prooedurs  to  the 
flight  simulation  tests  on  2024  material  of  figure  VA  44,  yields  oraok  propagation  lives  vairying  from 
9000  to  20.000  flights,  depending  coon  integration  etep  sice. 

c.  Integrate  flights  of  one  peak-to-peak  '.minimum  to  maximum)  losil  cycle  per  flight.  This  procedure  assumes 
that  in  one  flight,  oraok  growth  is  reasonably  well  approximated  for  the  flight  by  considering  the 
flight  as  one  stress  cycle  representing  the  maximum  and  minimum  stresses  observed  in  eaoh  flight. 
According  to  the  test  data  presented  in  figure  VA  44  a  test  of  this  kind  yields  36000  flights  and 
14500  flights  for  2024  and  7C/5  respective. y.  Sinoe  interaction  sffsots  are  small  in  such  a  test,  the 
integration  prooedure  wiil  fairly  well  prediot  these  test  results.  This  means  that  the  prediction  will 
be  dangerously  un-ion.-srvative.  Apparently,  th..  uon  rib..t\on  of  all  the  disregarded  load  excursions  is 
stil 1  appreciable,  despite  interaction  effects.  Keg i set ion  of  these  load  axcursions  in  the  integration 
prooedure  will  therefore  not  be  permitted. 

d.  Smear  out  the  total  life  spectrum  in  a  number  of  occurrences  per  flight.  (This  implies  thet  high  loads 
may  occur  at  the  rate  of  only  a  fractional  number  per  flight).  (According  to  table  VB.l,  the  maximum 
excursion  S  occurs  0.0002  times  per  flight).  Then  sum  this  once  per  flight  spectrum  to  obtain  s 


orack-propagatlon  rat;  par  nignt,  aa/o r.  tor  eimpnoixy,  tea  ljxgnt  growtn  rata  guy  u«  aaaumau  uuuatont 
for  a  small  increment  of  crack  axtansion. 

Obvioualy,  all  thasa  methods  Mill  hava  aarious  shortcoming!,  which  can  bo  Hated  as  follows! 

a)  The  outcome  of  the  integration  will  depend  upon  the  aecuence  used)  a  high  load  occurring 
only  occaelonally,  will  Induce  a  higher  UK  and,  consequently ,  a  higher  da/dn  whan 
occurring  at  a  large  crack  than  at  a  short  craok. 

b)  The  effects  of  loading  frequency  and  environment  can  be  acoounted  for  only  with  an 
arbitrary  safety  factor. 

o)  Thera  is  a  large  scatter  ir.  the  raw  data  aa  a  result  of  manufacturing  procedures,  batch- 
to-batoh  variations,  metallurgical  effects,  and  testing  techniques. 

d)  There  la  a  lack  of  raw  data.  Usually,  data  for  the  right  thickness,  panel  width,  and 
machining  conditions  are  not  available. 

a)  The  average  flight  experience  is  used.  Home  aircraft  of  the  fleet  may  meet  more  severe 
loading  speotra  (abort  flights,  few  beneficial  high  loads). 

f)  The  procedure  assumes  fair  knowledge  of  the  load  ■  pec t rum. 

The  integration  procedure  assumes  Miner's  rule  vali  :  for  crack  propagation  and  ignores  inter¬ 
action  effects.  The  results  of  the  calculation  may  be  better  in  case  of  a  maneuver  spectrum.  The 
occurrence  of  high  loads  in  a  maneuver  spectrum  is  relatively  high.  This  means  that  the  oraok  propagation 
resulting  from  the  high  loads  themselves  may  be  much  larger  than  the  contribution  to  crack  propagation  by 
low  amplitudes.  Retardation  in  crack  propagation  at  low  loads  therefore  become  relatively  less  Important 
with  respect  to  the  overall  growth  rate.  The  same  reasoning  applies  to  many  aircraft  members  with  more 
simple  load  speotra  than  the  aircraft  wing.  Fuselages,  undercarriages  and  many  other  parts  have  mors 
deterministic  load  spsetra  and  interaction  effects  may  be  leas  important.  This  has  to  be  judged  for  all 
cases  separately.  The  case  of  the  aircraft  wing  receives  relatively  much  attention,  because  it  encounters 
the  most  complex  problems. 

It  is  emphasised  ones  mors  that  the  use  of  s  particular  analytical  relation  for  the  da/dn 
versus  A K  plot  Is  neither  much  helpful  for  the  integration  procedure,  nor  will  it  yield  prsdictibly  better 
results.  The  da/dn  veraua  AX  data  input  can  be  baaed  on  a  best  fit  plot  and  apeexfio  demands  of  the 
computer. 

b.  Integration  by  using  eemi-empirical  cumulative  damage  concepts 

The  obvious  shortcoming  of  the  prediction  procedures  discussed  so  far  is  the  neglection  of 
interaction  affects,  although  it  turned  out  that  this  usually  leada  to  conservative  results  for  crack  growth. 
Interaction  affects  have  been  almost  exclusively  attributed  to  the  introduction  of  favourable  residual 
compressive  stresses  at  tha  crack  tip  (2,17,19]  .  This  was  discussed  in  chapter  V.A.4,  A  theory  predict¬ 
ing  sequence  effecte  should  include  the  evaluation  of  the  residual  stresses  and  crack  closure.  A  few 
attempts  have  been  mads  to  aohiave  this  for  life  calculations  (i 3 , 1 4]  .  This  work  still  needs  further 
development  and  it  oannot  aa  yat  be  applied  to  orack  propagation. 

Semi-empirical  integration  methods  trying  to  account  for  interaction  effects  in  creek 
propagation  were  proposed  recently  by  Habibie  (10)  ,  Wheeler  [43]  and  Willenborg,  Engle  and  Wood  (4d]  . 
Habibie  carries  out  an  integration  based  on  the  relation  of  Forman,  Kearney  and  Engle  (20]  ,  which  was 
discussed  in  chapter  V.A.4,  but  the  use  of  this  relation  is  not  essential.  Habibie  introduces  a  retard¬ 
ation  factor  f.  In  tha  abssnea  of  any  ovsrloadai  »  »  1.  In  cast  of  periodic  overloads  tbs  value  of  9  is 
datsrminad  by  tha  ratio  betwaen  the  orack  extension  in  the  interval  between  two  overloads  and  the  crack 
extension  in  tha  asms  number  of  cycles  in  tha  absence  of  overloads.  This  is  depicted  in  figure  VB  7i 


The  notation  ASj  la  used  harm  to  lndicats  crack  sxtenaion  withoul  retardation  effsoto  for  which  9  -  1. 

Habibie  recognizes  that  9  will  dapend  upon  tha  magnitude  of  the  overload  (see  figure  VA  43) 
and  upon  tha  ductility  of  tha  material  and  ha  postulatssi 


\  (3) 

in  which  K  is  tha  normalizsd  (diaanr'  ilapa)  stress  intansity  factor  at  tbs  overload  and  a  and  v  are 
aateria!  1  constants.  Then  he  arrives  at  tha  following  basic  formula  for  him  integration  procedure! 

Vi  *  ‘i 


ui 


warn  oa^  is  ut  ctoojc  mansion  xa  im  m  ojroi#. 

Habibie  uaed  the  flight  simulation  tests  of  Schi jve  f  16*3  to  evaluate  and  check  eq  (4).  (A 
■umuy  of  Schijve's  data  were  presented  in  chapter  V.A.4).  He  calculated  crack  extension  for  tha  flight 
simulation  taste  tilth  9  •  1  (ignoring  interaction  ef feats)  and  compared  the  result  with  tha  actual  tost 
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data  to  determine  9.  The  procedure  starts  at  tha  occurrence  of  maximum  load  and  eontinuea  until  tha  next 
ocourranoa.  Thia  ylalda  ona  valua  of  9 .  Tha  lntarval  to  tha  subsequent  occurrence  of  tha  overload  yields 
another  valua,  etc.  Tha  maximum  load  in  tha  flight  simulation  taata  was  not  alwaya  tha  same,  due  to  tha 
truncation  (aaa  fig.  VA  44)  and  hanca  tha  procedure  oould  be  repeated  for  other  magnitudes  of  tha  high- 
aat  load  In  the  sequence.  Eaoh  calculation  ever  ylalda  ona  valua  for  <p  and  theaa  can  be  plotted  veraua  the 
magnitude  of  at  which  tha  procedure  waa  atartad.  The  ranult  la  ahown  in  figure  VA  8. 

Tha  etralght  line  In  figure  VB  8  supports  tha  uaafulnesa  of  eq  (3)  and  It  allows  determinat¬ 
ion  of  a  and  y.  Then  it  la  possible  to  uaa  eq  (4)  aa  an  integration  procedure  for  the  purpoaa  of  predict¬ 
ing  eraok  propagation,  but  there  is  ona  additional  difficulty.  In  case  of  amall  cracks  It  may  be  expected 
r 1 9}  that  tha  retardation  affect  of  tha  highest  cyole  will  be  dominant  and  remain  so  until  its  next 
occurranoa.  When  tha  crack  la  longer,  also  cycles  of  a  somewhat  lower  magnitude  will  have  an  jffect,  until 
at  large  crack  sizes  every  cycle  causes  a  retardation  which  ia  effective  only  during  one  subsequent  cycle. 
A  continuous  transition  where  9  accounta  only  for  the  highest  overload  in  the  first  stage  of  eraok  growth 
and  later  gradually  takes  into  account  also  cycles  of  lower  mag'itude  ia  not  yat  feasible  (19]  .  Habibie 
solved  this  problem  by  using  three  stagss.  In  the  first  stags  7  relates  to  the  highest  overload  only,  in 
tha  second  stags  the  next  three  highest  cycles  are  taken  into  account  and  in  the  third  stage  all  cycles 
are  considered.  Habibia  determined  the  extant  of  the  three  stages  more  or  less  by  trial  and  error.  He 
predicted  tha  crack  propagation  curve  for  one  of  Schijve’e  flight  simulation  taata  by  using  aqa  (4)  and 
the  result  of  figure  VB  8,  and  ha  atartad  out  with  stage  1,  accounting  for  tha  retardation  of  the  highest 
cycle  only.  Ha  compared  thia  result  with  tha  actuai  test  result  and  whan  tha  discrepancy  became  too  large, 
he  changed  to  the  next  etage.  It  appeared  necessary  to  change  to  stage  II  at  2a/w  0,25  and  to  stage  III 
at  2a/w  w  C.38  where  w  ia  tha  sheet  width. 


On  this  basis  Habibis  reads  a  prediction  of  crack  propagation  for  a  large  aeries  of  flight 
simulation  testa  ae  performed  by  Schi Jve.Computertinee  for  the  integration  varied  from  12  to  150 
minutes  per  teat.  Soma  of  tha  pradioted  crack  propagation  curves  ore  presented  here  in  figure  VB  9  In 
comparison  with  tha  aotual  teat  results.  Also  ahown  are  predictions  for  9  -  1  (retardation  affects  die- 
rsgardsd).  Ths  iattsr  curves  rssult  from  tha  direct  Miner  integration  as  discussed  in  the  previous  section 
and  they  are  at  ths  safe  side  as  might  be  expected. 


Tha  accuracy  of  Habibie’s  predictions  is  not  too  surprising,  since  they  ware  made  for  the 
same  teat  data  that  yielded  the  values  for  9.  More  checks  would  have  to  be  made  by  predicting  orack 
propagation  for  other  teat  series  with  tha  presently  available  9-data. 


The  procedure  proposed  by  Wheeler  [43]  is  very  similar  to  the  method  of  Habibie,  but  it  ia 
better  formulated  In  terms  of  ths  crack  tip  plastic  eons.  Wheeler  also  introduces  a  retardation  para¬ 
meter  9.  It  is  based  on  the  ratio  of  the  current  plastic  zone  size  to  the  size  of  the  plastic  enclave 
formed  at  an  overload  (figure  VB  10a),  An  overload  occurring  at  a  crack  size  a  will  cause  orack  tip 
plastlo  zone  of  a  size  0 
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where  O'.  is  ths  overload  stress  end  CT 
o  ys 

length  ths  ourrent  plastlo  zone  size 
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the  yield  stress.  When  the  crack  has  propagated  further  to  a 
will  be 


This  current  plastic  zone  ie  still  embedded  in  the  plaetio  enclave  of  the  overloadi  the  latter  still 
proceeds  over  a  distance  X  in  front  of  the  current  crack  a. .  Wheeler  (43)  assumes  that  the  retardation 
factor  9  will  be  a  power  function  of  r  ^/A  .  Since  A  a  ♦  r  r  -  a  the  assumption  amounts  toi 
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If  a^  ♦  •„  ♦  the  retardation  factor  become*  9  l  by  definition.  The  power  a  in  equation  (7)  he* 

te  be  determined  empirically  and  Wheeier  f’nda  a  1.43  for  P6*e  steel  and  m  -  3.4  for  Ti-bAi-dV.  In 
order  to  show  the  similarity  with  the  method  <■'  Habibie  equations  (7)  and  (6)  must  be  substituted  into 
sanation  (7),  which  teada  tot 
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hence 
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2a 


(9) 


With  >  2a  equation  (9)  is  almost  identical  to  equation  (3).  According  to  figure  VB  8  Habibie  finds 
t  *  5  for  the  a.umimum  a.  ioya  and  hr-ce  a  2.5  which  is  in  the  same  order  of  mr-gnitude  as  the  vi  ues 
quoted  abc-e  from  the  paper  by  Wheeler  for  a  cite  and  titanium  ai.oy. 


FIG.  VB  I?  THE  MODEL  OF  WILLENBORG,  ENGLE  AND  WOOD  [44]. 


with  the  oo4«l  or  Wheeler  tna  orut  propagation  curve  cu  oa  preaiotea  irua  a  ojrcn  uy  u/c . • 
integration.  la  oaao  of  a  eingle  o-arluad  in  a  eonatant  amplitude  taat  tha  ratardatlon  factor  gradually 
daoraaaaato  unity  while  tha  oraok  prograaaaa  through  tha  piaatlo  anolava.  If  a  aacond  high  load  occura 
which  producaa  a  plaatio  zona  aztandlng  hayond  tha  bcrdar  of  tha  plaatto  enclave  tha  border  of  thla  new 
plaatio  zona  will  hare  to  be  used  in  tha  equatione  (Fig.  VB  lCb)  and  tha  aoaentaneoue  crack  length  will 

than  be  tha  new  a.. 

o 

Predtotiona  nada  by  Wheeler  by  uaing  hia  integration  aethod  lad  to  fairly  good  predlctlona 
of  blook-prograame  crack  propagation  taata.  3oae  of  hia  reaulte  are  ahown  in  figure  VB  11.  Tha  advantage 
of  Wheeler'a  nodal  above  tha  one  of  Habibie  ia  that  it  ylelda  a  new  value  for  a  in  every  cycle  without  any 
further  aaaunptlona.  Thla  aahae  Wheeler'a  nodal  nora  vereatlle  in  lta  application.  Ita  validity  for  randoa 
load  aequanoae  and  for  different  natarlala  haa  atill  to  be  demonatrated* 


Still  another  nethod  waa  propoeed  by  Willenborg.  Engle  and  Wood  (44).  They  alao  sake  uaa  of 
tha  plaatio  enclave  formed  at  tha  overload  (Fig.  VB  12).  The  plaatio  enclave  extends  to 
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where  a  is  tha  dletanoe  free  tha  contra  of  tha  orack  to  tha  boundary  of  tha  plaatio  anolava  and  tha  other 
tyabols'have  tha  same  meaning  aa  in  equation  (5).  Millenborg  at  al  than  oonaidar  tha  atreee  intanaity  that 
would  be  required  to  produoe  a  plaatio  eona  at  tha  tip  o'  tha  currant  orack  a  that  would  extend  to  tha 
border  of  tha  plaatio  anolava  (Fig.  VB  12).  Thie  naana  they  want  to  determine  tha  K  required  to  givei 
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where  r^  ^  ia  tha  required  plaatio  zona  to  give  tha  wanted  reeult.  Tha  ^  for  thia  la  given  by 
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In  tha  flrat  cyola  aubaequent  to  tha  overload  a  ia  atill  equal  to  a  ,  hence  K  would  ba  equal  to  K  , 

tha  atraea  Intanaity  of  tha  overload.  1  0  “ax,r*q  o 


Vow  Willanadorf  at  al  sake  tha  rather  queer  aaeuaption  that  tha  actual  X  occurring  at 
tha  current  orack  length  a^  will  ba  affectively  reduced  by  an  aaounti 
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Thia  iapllaa  that  they  expect  tha  action  of  reeidual  ooapreeaive  atraaaea  of  a  aagnitudai 
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It-  aw  ana  that  both  X _ .  and  X  .  in  cycle  i  are  reduced  by  an  amount  X  ,.  Thie  giveai 
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If  either  X^  (ff  or  both  I^T  and  X^  would  ba  aaallar  than  zero  they  are  aet  at  zero.  If  the 
a  AX 
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latter  oooura  41.,,  .  will  ba  aaallar  than  AX.,  if  not  iX »  AX  aa  oan  ba  aean  froa  figure  VB  12.  Tha 
oyele  ratio  H_,/Uiim«.  1  *rr,‘ 
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Both  and  R>ff  oan  ha  calculated  and  then  da/dn  can  ba  calculated  froa 
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Consider  tha  apacial  case  that  both  <ff  and  I.„  <ff  raaain  larger  than  zero  (Fig.  VB  12). 
Than  AI<ff  «  AX.  Tha  reduction  in  crack  propagation  rata  will  only  he  cauaad  by  a  reduction  in  H.  Hence, 
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FIO.  VB  13  THE  EFFECT  OF  DESIGN  STRESS  LEVEL  ON  LOAD  SPECTRUM. 


R  i  CERTIFICATION  TESTS 

L.L.  :  CRACK  EXTENSION  DUE  TO  LIMIT  l-OAD  APPLICATION  AT  ENO  OF  CERT' FICATION  TESTS 
A,  B,  C  I  PERIODS  OF  SUBSEQUENT  RESEARCH  PROGRAM 
A  i  LOW-AMPLITUDE  OUST  CYCLES  OMITTED 

a  i  LOWER  TRUNCATION  LEVEL 

C  i  LOAD  LEVCLS  INCREASED  35  PERCENT 


FIG.  VB  M  THE  EFFECT  OF  LIMIT  LOAD  APPLICATION  ON  CRACK  PROPAGATION  [2l 
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Equation  (18)  gives  i«m  ido»  how  thia  nodal  ooeparss  with  thoaa  of  Hsbibis  (Bq.j)  and  Whaoltr  (Eqs  6,9). 

Alao  Willanadorf  at  al  ahow  integration  results  of  blook-progrsame  oraok  propagation  in  good 
agraaaant  with  toat  raaulta.  An  objection  againat  thair  aodal  ia  that  tha  assumption  ragarding  tha  raaidual 
ooapraaaiva  atraaaaa  (Bqa  13*14)  ia  at  least  doubtful. 

Tha  methods  oonaidarad  ara  intaraating  attaapta  to  aooount  for  load  intaraotion  affaota  in 
oraok  propagation  aaUaataa  and  furthar  daralopaant  ahould  oartainly  ba  anoouragtd.  For  tha  time  baing 
naithar  aathod  oan  ba  goaaraliaad.  It  ia  eonoaivabla  that  flight  simulation  taata  with  guat  and  maneuver 
apaotra  would  yield  largely  diffarant  valuaa  for  pi  tha  maneuver  apaotrun  oontaina  relatively  many  high 
loada,  whioh  nay  ba  of  influaneo  for  tha  ratardation  affaota.  Tha  same  oan  ba  aaid  about  othar  typaa  of 
load  hiatoriaa. 

o.  Fllaht  simulation  taat  baala. 

In  1965  Hardrath  [21]  praaantad  a  raviaw  on  ousulativa  daaaga  in  whioh  ha  oonoludad  that  naw 
breakthroughs  of  our  comprehension  of  tha  problan  ahould  not  bo  axpaotad  in  tha  naar  futura.  In  1972 
Sohijvs  (2J  waa  only  slightly  more  optiaiatio.  Our  phsnomtnologioal  knowladga  will  ataadily  inoraaaa  and 
aapaoially  for  tha  oaaa  of  oraok  propagation  (rathar  than  for  fatigue  lifa  pradiotiona)  naw  pradiotion 
■athoda  nay  ba  davalopad.  Thaaa  methods  ahould  aooount  for  intaraotion  affaota  in  a  propar  way  and  thara- 
fora  thay  will  hava  to  ba  baaad  on  tha  oraok  tip  raaidual  atraaa  fiald  or  oraok  tip  oloaura  or  on  both, 
ftaoaloulationa  of  tha  oreok-tip  etrsse-fisid  will  probably  ba  raquirad  for  aaoh  load  ravaraal  in  a  random* 
load  aaquanoa.  Thia  may  involve  oonaidorablo  ooaputar  tima.  Tharafora  it  daaarvaa  oonaidaration  to  parform 
tha  oraok  growth  pradiotion  on  an  analog  oomputar.  Tha  bant  analog  oomputar  available,  ona  that  haa  know¬ 
ladga  of  tha  univaraal  fatigua  law,  ia  a  apaoiman  in  a  oloaad  loop  alaotro-hydraulio  fatigua  maohina.  This 
analog  oomputar  oan  oaloulata  about  20  oyolaa  of  oraok  propagation  par  aeoond,  whioh  is  probably  muoh 
fastar  than  an  advanoad  digital  oomputar  oan  parform  if  it  has  to  rsoaloulats  tha  atraos  fiald  aaoh  oyola. 

Particularly  for  tha  oomplioatad  load  history  of  an  aircraft  wing  it  ham  oonsidarabla 
advantages  to  prodiet  oraok  propagation  on  tha  basis  of  flight  simulation  tast  data  as  proposed  by 
Sohijva  (2]  and  Brook  [17]  .  Sohijva  (?]  has  advoaatad  tha  compilation  of  flight  simulation  data.  A  hand¬ 
book  with  this  typa  of  data  would  ba  useful  for  estimating  fatigua  properties.  It  would  allow  application 
of  tha  flight-simulation  interpolation  method  as  proposed  by  Sohijva. 

In  ordar  to  avoid  extrapolation,  axtanaiva  data  obtained  in  flight  simulation  teats  should  ba 
oompiled.  Tha  data  should  oovar  tha  main  variables  of  tha  load  spectrum.  For  a  oartain  structural  material 
it  should  inoluda  tha  following  variables 

a)  Soma  typioal  shapes  of  gust  and  maneuver  spectra. 

b)  Design  stress  level.  A  change  in  design  stress  level  would  reduoe  or  inoreasa  tha  load 
spectrum  proportionally  as  depicted  in  figure  VB  13. 

o)  Tha  magnitude  of  tha  ground-air-ground  oyole  and  its  frequenoy  of  ooourrenoe. 

If  these  data  ware  available  oraok  propagation  for  a  particular  flight  profile,  flight 
length  (frequenoy  of  tha  ground-air-ground  oyola)  and  design  stress  level  oould  be  predioted  by  inter¬ 
polation.  Tha  requirements  for  adequate  flight  simulation  tasting  ara  rathar  oomplex.  It  is  beyond  the  soope 
of  this  survey  to  give  a  thorough  disoussion  of  thsss  requirements,  but  thay  are  given  ample  attention  by 
Sohijva  [2]  . 
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Of  course,  the  flight  simulation  interpolation  aathod  has  also  its  shortcomings.  The  main 
problem  involved,  is  in  the  fact  that  oraok  growth  data  oannot  simply  ba  given  as  a  funotion  of  the  stress 
intensity  factor  as  has  baan  outlined  in  ohapter  V.A.4.  This  implies  that  application  of  the  data  to 
stiffened  sheet  etruoturea  may  ba  hardly  possible,  (it  is  shown  in  ohapter  V  «B.2  that  the  pradiotion  of 
ox-auk  propagation  in  built-up  sheet  etruoturea  has  to  bs  bassd  on  ths  strsss  intensity  factor) .  Othar  short¬ 
comings  ara  that  tha  flight  simulation  teat  doaa  not  properly  aooount  for  frequenoy  affects,  environmental 
effeots  and  many  of  the  other  parameters  affecting  oraok  growth, as  disoussed  in  ohapter  V.A.3.  Therefore 
safety  faotors  will  still  have  to  bs  applied. 

V.B.1.4  Confirmatory  teetlna 

It  will  always  bs  necessary  to  obtain  a  fair  judgement  on  the  reliability  of  oraok  growth 
estimates.  The  predictions  may  ba  oompared  with  earvioe  axparianoa  from  previous  designs.  A  new  design 
may  hava  similarity  to  a  previous  design  or  it  say  be  a  furthar  development  of  a  previous  ona.  This  inform¬ 
ation  oan  ba  used  in  a  general  way  [2]  by  tha  ohoioe  of  a  stress  level  that  yielded  eatiefaotory  reeulte  in 
previous  struoturee.  Of  course,  reconsideration  of  all  relevant  parameters  will  be  necessary.  The  advantage 
of  using  servioe  experienoe  is,  that  the  data  were  obtained  under  realietio  oirouostanoes  from  a  large 
number  of  aircraft. 

The  oraok  propagation  prediction  may  still  have  a  low  aoouraoy.  Ths  prediction *may  bs  useful 
in  ths  early  design  stage  when  ohoioes  have  to  made  regarding  ths  type  of  material  and  ths  type  of  struct¬ 
ure,  but  when  ths  airoreft  reaches  completion  and  all  details  have  beoome  definitive,  a  raalistio  teat  will 
often  ba  naoassary.  Both  tha  apaoiman  and  tha  load  aaquanoa  ahould  ba  representative  for  servioe  conditions. 
This  means  that  the  test  should  bs  oarried  out  on  ths  aotual  oomponent  or  a  complete  part  of  ths  struotnre. 
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With  reapeot  to  the  fatigue  toad,  a  flight  ■iaulation  t«at  representative  for  eervioe  loading  ie  required. 

An  exact  ainutation  of  tht  load-tim*  history  in  servioa  would  be  tha  preferable  solution.  In  gsnsral,  a 
load-time  history  will  havs  to  ha  dasignad  on  tha  basis  of  sission  analysis  and  load  statistios  obtainad 
with  othar  airoraft.  A  good  knowladga  of  tha  empirical  trands  is  assantial  for  tha  purposa.  A  major 
problaa  is  tha  assassoant  of  tha  highaat  load  level  to  ba  appliad  in  tha  flight-simulation  tast.  As  dis- 
oussad  bafora,  this  laval  may  hava  a  pradominant  affaot  on  tha  life  and  tha  oraok  propagation.  If  tha  load 
laval  that  will  ba  raaohed  (or  axoeadad)  onoa  in  tha  target  lifa  of  tha  airoraft  is  appliad  in  a  test,  it 
may  hava  a  favourable  affaot  on  tha  fatigue  life  and  oraok  growth*  It  should  ba  realised  that  this  load 
laval  is  aubjeot  to  statistical  variation  and  that  soma  airoraft  will  meat  this  load  mora  than  onoa,  where¬ 
as  othar  airoraft  will  navar  be  subjected  to  it.  In  view  of  this  Sohijve  12]  proposed  that  tha  load  epeotrum 
should  ba  trunoated  at  tha  load  laval  axoeadad  tan  times  in  tha  target  life,  in  order  to  prevent  that  tha 
test  give  too  optimistio  results. 

8omatimos  fail-safe  loads  ar«  appliad  at  regular  intervals  during  a  full-soala  fatigue  tast 
to  demonstrate  that  the  airoraft  is  still  oapable  of  carrying  tha  fail-safe  load.  Tha  result  may  oause  a 
oraolc  growth  daisy.  In  othar  words,  this  procedure  oculd  give  falsa  information.  Tha  oraok  growth  delay 
in  a  full-soala  atruoture  was  reoently  shown  f22,20j  in  tests  on  tha  F-28  wing.  Tha  certification  tost 
was  oompleted  after  simulating  1 50000  flights.  Than  fail-safe  loads  (limit  load)  wura  applied.  In  a  sub- 
■ecruent  research  program  it  turned  out '  that  sever a'  cracks  did  not  grov  any  further  as  shown  in  figure 
VB  14. 


Tha  aignifioanee  of  low- amplitude  cycles  has  baan  discussed  in  chapter  V.A.4.  Omission  of 
these  oyoles  from  a  flight-simulation  test  will  considerably  reduce  the  tasting  time.  However,  sinos  such 
oyoiss  may  contribute  to  orach  nuo last ion  (fretting)  and  oraok  growth,  the  oyoles  oan  haruly  be  omlfte* 
during  the  oertifioatior  tests.  Taxiing  load  oyoles  oan  bs  omittad  under  oartain  conditions.  In  foci;  it 
appears  admiasable  only  if  the  oyoles  ooou*  in  oospreksica  for  the  somponents  being  tested  [2]  .  Onn?> 
should  bs  taken  that  tha  ground~*ir-grouii£  cycle  reaches  tha  most  axtrama  minimum  lead  occurring  on  tha 
ground,  inoluding  dynamic  loads. 

A  full-soala  tast  on  a  nsw  aircraft  design  is  an  expansive  tast.  In  view  of  this  thars  is 
■vary  roason  to  require  that  the  test  gives  reallatio  and  relevant  information.  As  rail  before,  a  full- 
scale  fatigue  tast  should  bs  oaniad  out  with  a  carefully  planned  realistic  representation  of  tha  aervioe 
load-time  history. 

Ssvarsl  aspects  oan  ba  mentioned  that  make  full-soala  tasting  of  a  nsw  aircraft  atruoture 

dasirablsi 


1)  Indication  of  fatigue  oritioal  elements  end  design  deficiencies. 

2)  Determination  of  fatigue  livss  until  visible  oraoking  ooours. 
i)  Study  of  crack  propagation,  inspsotion  and  repair  methods. 

4)  Measurements  on  residual  strength  (fail-safe  teats,  not  to  bs  oarriad  out  until  end  of 
fatigue  tast). 

5)  Economic  aipsots. 

6)  Determination  of  inspsotion  methods. 

(All  these  aspects  havs  bean  amply  disoussad  by  Sohijve  (2)  ). 

With  raspaot  to  tha  latter  aspect  some  remarks  seam  appropriate  here.rinoe  it  ia  so  important  for  fail- 
safety.  Tha  full-soala  tast  is  also  a  training  experiment  for  inspsotion  techniques.  It  can  be  used  to 
evaluate  tha  most  suitable  inspsotion  techniques  for  the  various  locations  and  the  conditions  undo*-  which 
the  inspections  ahould  ba  oarriad  out.  It  is  the  purpose  of  tha  fail-safe  analysis  to  establish  safe 
inspsotion  intervals.  The  airoraft  operator  should  also  bs  provides?  with  all  tha  neosssary  information  to 
make  such  an  inapeotiou  suooesafull.  Ha  should  bs  informed  about  the  most  suitable  inspsotion  techniques, 
and  the  most  effeotful  settings  of  inspsotion  apparatus,  all  this  information  oan  ba  obtainad  during  a 
fatigue  tast  on  full  scale  components  or  structures* 

The  uncertainties  in  the  prediction  of  oraok  growth  provide  both  economic  and  moral  reasons 
to  supply  the  airoraft  user  with  every  possible  information  that  may  bs  of  aid  to  make  airoraft  fail- 
safety  a  reality. 
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v.b.2. i  McfidmUsa 

The  major  part  of  the  airoraft  structure  consists  of  built-up  panels  of  sheet  and  stringers. 
Therefore  it  is  a  little  surprising  that  the  literature  on  fail-safety  pays  relatively  little  attention 
to  the  propagation  of  fatigue  oraoks  in  huilt-up  sheet  structures  as  oompared  to  unreinforoed  laboratory 
speoimens.  Fortunately  sons  very  useful  work  has  beoome  available  during  recent  years.  It  appears  that 
the  oomplioation  of  stiffening  elements  in  a  oraoked  structure  oan  be  solved  in  a  rational  way.  In  faot 
the  additional  problem  of  the  stiffening  elements  is  far  less  difficult  than  the  other  problems  involved 
in  fatigue  oraok  propagation. 

For  built-up  sheet  struotures  containing  oraoks  it  is  usually  possible  to  establish  a  fairly 
aoourate  value  for  the  stress  intensity  factor.  If  it  is  assumed  that  the  rate  of  fatigue  oraok  propagat¬ 
ion  is  fully  determined  by  the  stress  intensity  faotor,  the  oraok  propagation  rate  of  the  built-up 
struoture  will  be  equal  to  the  growth  rate  in  an  unstiffened  panel  with  the  same  strees  intensity.  This 
implies  that  the  preeenoe  of  stiffening  elements  would  only  add  a  problem  of  stress  analysis  to  the  com¬ 
plex  procedure  of  predicting  fatigue  oraok  propagation.  Since  fatigue  oraok  rates  appear  to  be  a  funotion 
also  of  stress  history  there  are  additional  difficulties  involved,  for  which  there  does  not  yet  exist  a 
rational  solution.  However,  these  additional  difficulties  are  pertinent  to  the  fatigue  problem,  rather 
than  to  the  effeot  of  stiffening. 

The  determination  of  the  stress  intensity  faotor  is  also  a  requirement  for  the  prediction  of 
the  residual  strength  of  a  built-up  struoture  with  oraoks.  The  problem  of  residual  strength  of  sheet 
struotures  is  disoussed  in  chapter  V.C.l.  Procedures  to  arrive  at  the  stress  intensity  of  suoh  struotures 
are  amply  disoussed  in  chapter  V.C.l  and  are  not  repeated  here.  Only  a  brief  outline  of  the  basio 
assumptions  will  be  given  in  the  following  seotions  on  fatigue  oraok  growth. 

v.b.2. 2  The, 

The  stress  intensity  of  a  flat  stiffened  pane''  is  affected  fay  the  presenoe  of  the  stringers. 
For  the  case  of  simple  flat  stiffeners  (figure  VB  15)  the  effeot  of  eooentri oity  oan  be  negleotedi  the 
stress  intensity  faotor  oan  then  be  readily  calculated  [24,25,26,27,28]  both  analytically  and  by  finite 
element  methods. 

The  prooedure  bo  calculate  the  stress-intensity  factor  of  a  reinforoed  panel  is  illustrated 
in  figure  VB  16  (The  uniformly  loaded  stiffened  panel  with  oraok  2a  is  a  summation  of  four  components, 
namely,  (1)  a  uniformly  loaded  unstiffened  panel  with  crack  2a,  (2)  a  panel  of  the  same  dimensions  with 
oraok  2a  loaded  by  a  number  of  point  loads  exerted  by  the  fasteners,  (3)  a  uniformly  loaded  stringer,  and 
(4)  a  stringer  with  the  point  loads.  Compatibility  requires  the  deformations  of  the  etringere  and  under¬ 
lying  skin  material  to  be  the  same,  which  gives  equations  to  determine  the  fastener  loads,  P,.  The 
presence  of  the  stiff  rainforoement  does  not  allow  the  skin  to  undergo  the  same  large  deformations  as  the 
unstiffened  panel.  The  stringers  will  take  over  some  load  from  the  skin,  suoh  that  the  stress-intensity 
faotor  in  the  stiffened  panel  is  lower  than  in  the  unetiffened  panel  with  the  same  length  of  oraok.  On  the 
other  hand,  the  presenoe  of  the  oraok  will  locally  enforoe  a  higher  load  in  the  stringers  and  in  the 
fasteners.  The  higher  load  in  the  stringers  is  determined  by  the  so-oalled  load  concentration  faotor  L, 
which  follows  from  the  oaloulations. 

The  stress-intensity  faotor  in  the  stiffened  panel  will  be 

K  =  aCjjCryFa  with  CR  1,  (19) 

where  Cp  is  the  skin  stress  reduction  faotor. 

The  looal  strees  in  the  stringer  will  be 

Stringer  *  L<r’  wi*h  L  >  (20) 

The  fastener  loads  are  given  by 

px  +  p2  ...  t  pj  .  (l  -  1).  <r  .  Kmt  (21) 

where  is  the  etringer  orose-seotional  area. 

Both  L  and  CR  are  funotions  of  the  ratio  s/a  (s  *  stringer  pitoh),  the  stringer  cross  Motion,  the 
modulus  of  tne  stringer  material,  and  the  rivet  pitoh.  The  variations  of  L  and  CR  are  given  sohematioally 
in  figure  V*  !6,  as  a  funotion  of  oraok  length  for  the  particular  panel  eon figuration  of  figure  VB  15, 

A  heavy  stringer  can  take  more  load  from  the  skin  and  give  a  larger  reduotion  of  the  stress 
intensity  faotor.  Since  the  etringer  is  heavy,  the  load  it  takes  from  the  sheet  will  be  relatively  small 
in  comparison  with  the  load  it  already  oarries  and  therefore  lie  load  oonoentration  faotor  will  be  lower 
than  for  a  light  stringer. 

As  long  as  the  crack  tip  is  far  from  the  stiffener,  the  reduobion  of  the  stress  intensity  is 
low.  When  the  oraok  tip  approaches  the  stringer  the  reduotion  becomes  large-  and  it  is  at  a  maximum  whan 
tha  oraok  has  Just  passed  the  stringer  oenter  line.  The  effeot  of  the  stringer  deorsMes  again  when  the 
oraok  grows  longer.  There  remains  a  reduotion,  beoause  the  stringer  tends  to  oloss  the  orecki  this 
reduotion  is  larger  if  the  etringer  has  a  higher  stiffness  end  if  the  rivet  pitoh  is  smaller.  Whan  the 
oraok  tip  approaches  the  next  stringer  there  is  again  a  larger  reduotion  in  stress  intensity.  This  is 
illustrated  by  figure  VB  17,  derived  from  the  work  of  Poe  [27,28]  . 
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FIG.  VB  15  DETERMINATION  OF  STRESS  INTENSITY  FACTOR  IN  STIFFENED  PANELS. 
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FIG.  VB  16  SCHEMATIC  ILLUSTRATION  OF  THE  VARIATION  OF  CR  AND  L  FOR  THE  PANEL 
CONFIGURATION  OF  FIGURE  II  B  15. 


«/b  (b  .  STRINGER  SPACINO ) 


FIG.  VB  17  STRESS  INTENSITY  REDUCTION  FACTOR  ( !52m«  STRINGER  SPACING) 
ACCORDING  TO  POE  [272. 
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FIG.  VB  IV  FATIGUE  CRACK  GROWTH  IN  STIFFENED  PANEL  ACCORDING  TO  POE [28]. 


O  ALUMINIUM  ALLOY  STRINGERS 
O  STEEL  STRINGERS  I 


ED  PANEL 


/V 


3ERS 

PANEL  /  ^ 

/V 


/  d  o 
dN' 

mm/CYCLE 


CENTER 

STRINGER 

FAILED 


"tO  % 
PROBABLE 
SCATTER 


FIG.  Vfl  20  FATIGUE  CRACK  PROPAGATION  IN  STIFFENED  PANEL  ACCORDING  TO  POE [28]. 
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FIG.  V  ft  21  FATIGUE  CRACK  PROPAGATION  IN  INTEGRALLY  STIFFENPO  PANEL  C»J 
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L,  CR,  and  fastener  loads  have  been  ca.ou'.ated  for  a  wide  variety  of  panel  configurations, 
and  include  such  cases  as  c  orach  emanating  from  a  stronger  (the  stringer  overlapping  the  crnck),  cracks 
growing  between  two  fantenern,  cracks  growing  through  a  fastener  hole,  and  adhesively  bonded  stringers 
(chapter  V.C.l).  Further  refinements  of  the  analysis  method  should  account  for  piastic  deformation  of 
the  stringer,  avalization  of  rivet  hoes  resulting  from  high  bearing  stresses,  stringer  eccentricity  and 
other  departures  from  the  ideal  case. 

The  applicability  of  thiu  concept  to  fatigue  crack  propagation  has  been  demonstrated  by  Poe 
(27]  .  He  predicted  the  crack  growth  data  in  a  stiffened  panel  on  the  basis  of  unstiffoned  panel  data  and 
compared  his  predictions  with  actual  teat  data  obtained  from  stiffened  pane.s  of  different  geometries.  An 
example  of  such  comparison  is  given  in  fi,-ure  VI!  IP.  '.he  two  dashed  curves  give  the  scatter  band  of  the 
crack  rats  data  cf  the  unstiTfened  pane-,  T'he  two  coild  lines  represent  the  predictions  for  the  stiffened 
pane1  which  are  confirmed  very  well  by  the  test  data.  As  can  be  seen  from  equation  (19)  and  figure  V 13  .8, 
the  etress  intensity  factor  drops  as  the  crack  approaches  the  stringer  and,  hence,  crack  propagation  should 
decelerate.  When  the  crack  has  well  passed  the  stringer,  tne  stiffening  effect  decreases,  K  increases,  and 
■o  does  da/iln.  ihis  is  a  so  rcf.ected  in  the  crack  propagation  curve  given  in  figure  VB  Id.  This  curve 
has  been  obtained  by  integration  of  Poe'B  da/dn  data.  It  shews  how  crack  growth  is  de : ayed  tn  the  vicinity 
of  the  utringer. 

Poe'c  work  contains  many  interesting  results.  Figure  VB  19  shows  that  a  light  stringer 
causes  a  smaller  dece.eration  of  crack  growth,  since  it  brings  about  less  reduction  of  the  stress 
intensity  factor.  When  the  crack  reaches  the  next  stringer  again  a  slow  down  car  be  observod  as  is  depict¬ 
ed  In  figure  VB  20.  In  the  vicinity  of  the  eecond  stringer  the  reduction  in  propagation  rate  ie  in  the 
order  of  a  faotor  of  ten.  Similar  observations  were  mads  by  Smith  et  ai  [29)  who  studied  the  effect  of 
adhesive-bonded  tear  straps  on  fatigue. 

The  skin  crack  causes  a  lead  concentration  in  the  stringer,  which  enhances  the  likelihood  of 
stringer  fatigue  failure.  If  this  occurs  skin  crack  propagation  increases  rapidlyi  the  stringer  is  no 
longer  effective  in  reducing  the  stress  intensity  factor  and  besides,  the  skin  has  to  take  the  extra  load 
from  the  faied  stringer.  Figure  VB  20  illustrates  this  effect.  In  case  of  integral  stiffeners  the 
stiffening  elements  will  alwaye  crack  siraul taneoue ly  with  the  akin.  Therefore  integral  stiffening  will 
cause  little  deceleration  of  crack  .rrowth  as  may  be  appreciated  from  figure  VB  2i. 

The  test  results  of  Poe  demonstrate  that  the  method  correctly  predicts  crack  growth  in 
stiffened  panels.  The  observed  growth  rates  were  alightiy  higher  than  the  predicted  rates,  .he  following 
factors  may  have  contributed  to  This  discrepancy  1 

a)  Fastener  loe.i  become  very  high  when  the  crack  approaches  the  stringer.  Tho  high  bearing 
stresses  cause  bo.t  hoie  deformation  and  therefore  the  effective  stiffness  or  the  stringer 
is  reduced,  which  implies  that  the  stringer  is  less  effective  in  reducing  the  crack  tip 
stresses. 

b)  The  eccentricity  or  the  stringer  has  not  been  accounted  for  in  the  prediction  procedure. 
Stringer  eccentricity  a  ightly  reduces  the  effect  of  the  stringer.  Finite  element  methods 
a.  low  this  effect  to  be  determined. 

c)  There  may  be  an  effect  of  stress  history  on  crnck  propagation  (see  chapter  V.B.4). 

Stringers  decelerate  crack  propagation  in  the  skin  due  to  crack  tip  stress  reduction.  A  second 
deceleration  effect  occurs  when  the  crick  runs  into  a  rivet  hoie.  This  will  b.unt  tne  crack  tip  and  further 
crack  growth  will  be  delayed  until  crack  reinitiation,  in  the  tests  of  Poe  the  row  of  rivets  in  the  . ine  of 
the  crack  were  ieft  out  in  order  to  prevent  the  crack  from  growing  into  a  hoe.  in  practice  however,  cracks 
will  us'ially  he  -eitiated  at  a  rivet  hoie  nnd  wi '  1  follow  a  pa'...  through  a  row  of  hoies.  If  *h»  crack  wou  d 

pass  between  two  holes  the  nearest  rivets  ars  very  ciose  to  the  crack  and  the  etrinrer  will  be  very 

effective  in  the  reduction  of  crack  tip  stresses.  If  the  crack  passes  through  a  hole,  the  nearest  rivets 

ere  twice  ae  far  from  the  crack  and  therefore  the  stringer  is  less  effective.  For  a  given  panel  configurat¬ 

ion  (see  chapter  V.C.l)  the  difference  in  stress  intensity  factor  may  be  in  the  order  of  50  percent.  The 
beneficial  effect  of  cr*ck  tip  b  unting  if  the  crack  runs  into  a  rivet  hole,  is  therefore  iarge.y  reduced 
by  the  much  'arger  growth  rate  just  before  the  hole  is  reached  end  after  reinitiation.  A  test  programme  to 
investigate  this  effect  seems  highly  worthwhile.  From  an  investigation  op  fatigus  crack  propagation  in 
full-scale  wing  center  sections  [}GJ  it  can  be  concluded  th..t  3to»  ho  es  drilled  at  the  crack  tip  did  not 
have  a  large  effect.  Then  it  may  wei.  be, that  there  is  .ittle  advantage  of  the  crnck  running  into  a  rivet 
hole  above  passage  between  hoies,  but  of  course,  this  depends  upon  ho  e  sice  and  other  geometrical  para¬ 
meters. 


In  case  of  adhesive-bonded  stringers  the  tip  stress  reduction  can  be  arger*  this  case  can  be 
treated  in  a  similar  way  as  the  riveted  pane,  ichapter  V.J. .).  The  tests  of  Smith  et  ai  [2y]  indicate 
that  the  method  of  prediction  of  crack  growth  as  discussed  in  thiB  section  app  ies  e  ualiy  we.l  in  case  of 
adhesive  bonded  tear  straps. 


V.B.2.J 


Also  for  a  sandwich  panel  it  is  possible  to  ca.culate  a  vaiue  for  the  -tress  intensity  factor 
( 3 0  *  tT  one  of  the  faces  is  cracked,  some  load  of  the  cracked  face  can  be  transmitted  through  the  core 
into  the  other  face.  It  implies  that  the  stress  intensity  of  the  cracked  face  is  reduced  with  respect  to 
a  similar  unreinforced  sheet.  The  reduction  factor  depends  upon  the  core  stiffness  (ji)  .  A  more  elaborate 
ss-icri-"  *»f  «*>•  calculation  procedure  is  presented  in  chapter  V.C.l. 


As  an  example  the  reduction  of  the  stress  intensity  factor  for  a  central  crack  in  one  lace  as 
c»- cuiated  by  carte. ds  and  Van  de  Veer  (?:]  13  given  in  table  V.B.3.  The  table  considers  two  cases  of  the 
stiffness  parameter  , .  ,  .2 


in  which  G  n  th«  cor*  shea;  modulus,  E  1*  Young's  todu.ua,  w  1*  panel  width,  t  ia  fact  th.Wjiee*  and  o 
is  oor*  thiokneaa.  It  appears  that  a  fairly  large  reduction  of  the  stress  intensity  can  occur.  This  imoliea 
that  fatigue  crack  propagation  in  sandwich  panels  will  be  eoaewhat  slower  than  in  comparable  urn eir.forced 

sheets. 

The  stress  intensity  faotor  for  sandwich  panels  as  determined  empirically  by  Smith  et  al  [29] 
was  lower  as  the  core  thickness  decreased.  This  is  in  qualitative  agreement  with  the  calculations  of 
Bartslds  and  Van  deVeer.  No  fatigue  crack  propagation  data  are  available  to  make  a  fair  comparison  between 
a  sandwich  panel  and  comparable  cracked  sheets  m  order  to  check  whether  the  lower  growth  rates  in  the 
sandwich  skin  is  in  accordance  with  the  reduction  in  X. 

Table  V.B.3 

Stress  intensity  '‘actor  of  sandwich  panels  according  to  Partelds  and  Van  de  Ve^r  [3l]  ,  given  as  Ka/K  , 
where  K  is  the  stress  intensity  of  ths  sandwich  with  one  face  oracked  and  K  is  the  stress  intensityuof 
a  comparable  unstiffened  sheet. 


a/w 

Loaded  edges 

supported 

All  edges 

supported 

r  r  4 

r  -  20 

r  -  4 

r  20 

v.09 

0.94 

0.86 

0.94 

KHHI 

0.22 

0.85 

0.74 

0.81 

0.34 

0.79 

0.68 

o.6y 

mdm 

0.47 

0.74 

0.64 

0.57 

■EHHI 

V.B.2.4  Crack  propagation  m  aircraft  structures 

A  fairly  large  amount  of  fatigue  crack  propagation  data  are  available  from  tests  on  full 
scale  aircraft  structures.  Analysis  of  these  data  is  not  very  well  possible  within  the  eoope  of  this 
survey  for  the  following  reasons! 

a)  Data  of  comparable  unstiffened  panels  ars  usually  not  available. 

b)  Part  of  the  tests  were  carried  out  at  ccnstant  amplitude  loading,  another  part  at  variable 
amplitude  loading. 

c)  Stiffening  parameters  for  the  various  structures  ars  largely  different. 

.  .  d)  Determination  of  stress  intensity  factors  for  all  different  structures  would  be  a 

tremendous  task. 


For  ths  benefit  of  ths  reader,  who  might  be  interested  to  analyse  aenr  cf  the  data  the  most 
extensive  reports  on  fatigue  crack  propagation  tests  in  'arge  aircraft  structures  are  referenced  [32 
through  39)  . 

v.B.2.5  CrhcK  arm* 

Crack  arrest  has  two  important  aspects.  The  first  is  arrest  of  a  fatigue  crack,  which  after 
s  dormant  period  may  reinitiate  and  continue  propagation.  The  second  is  arrest  of  a  rapidly  growing 
unstable  crack  which  would  have  caused  catastrophic  failure  if  no  arrest  had  occurred.  Both  aspects  of 
crack  arrest  bear  largely  upon  the  same  principles.  The  latter  aspect  of  crack  arrest  receives  ample 
attention  in  chapter  V.C.l,  where  ths  problems  of  tip  strsss  reduction  ars  discussed. 

Ths  arrest  of  s  fatigue  crack  can  be  achieved  by  structural  means.  Some  crack  stoppers  ars 
so-called  "natural  crack  stopoera",  others  are  called  "artificial  crack  stoppers".  The  latter  are  often 
of  the  same  character  aa  the  natural  orsck  stoppers,  but  they  Eire  not  essential  to  the  structural 
integrity  and  they  are  introduced  merely  to  act  aa  crack  stoppers  in  case  cracks  develop.  In  some  cases 
artificial  crack  stoppers  are  introduced  after  a  crack  developed  and  was  dstsoted,  to  act  as  a  provisory 
■sans,  pending  a  more  elaborate  repair  at  a  later  time,  more  suitable  to  the  operator.  Both  natural  and 
artificial  orack  stoppers  are  discussed  in  this  ssotion  without  further  attempts  to  distinguish  ths  two. 

It  should  be  emphasized  that  this  section  concerns  itself  solely  with  the  prevention  of  further  crack 
growth  by  fatigue.  The  arrest  of  crack  growth  under  constant  load  is  discussed  in  chapter  V.C.l. 

A  discussion  of  means  to  arrest  the  growth  of  fatigue  cracks  is  largely  hampered  by  security 
measures,  whioh  do  not  allow  publication  of  the  available  data.  The  unclassified  literature  on  the  sub¬ 
ject  is  extremely  scarce  and  hardly  permits  the  compilation  of  some  qualitative  conclusions. 

Crack  arrest  can  be  attained  in  three  different  ways! 

1)  Reduction  of  ths  crack  tip  stress  intensity. 

2)  Reduction  of  the  stress  concentration. 

3)  Introduction  of  residual  compressive  s*r»sces. 

-?  the  -™-v  “7  r*rcrq  —  *•  --*•*  — .-a  w  1  —a  1  *„ 

rcructura i  swRDvrt,  wmie  env  cnwn  rv»<uus  i»>  nsnu-«i  nucu *  * iu ■  ■■  ■«*•«  »w»* 

ed  panel  where  the  stringers  take  over  some  load  of  the  cracked  skin.  This  problem  was  discussed  extensive¬ 
ly  in  the  previous  sections  of  this  chapter.  A  reduction  of  the  stress  intensity  factor  implies  that  the 
crack  propag-tion  rate  is  reduced,  but  there  ia  no  complete  crack  arrest.  The  reduction  in  growth  rate  can 
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be  rationally  oalculated  and  depends  upon  the  nature  of  the  stiffening  elements  as  outlined  in  seotion 

V.B.?. 

Keduotion  of  the  stress  oonoentration  ooours  when  the  orach  runs  into  a  hole.  As  was 
disoussed  earlier  the  stress  intensity  factor  than  loses  its  meaning.  An  even  larger  reduction  of  stress 
oonoentration  occurs  when  one  of  a  series  of  parallel  elements  has  completely  craoked  and  reinitiation  of 
cracking  has  to  occur  in  a  neighbouring  element. 

A  oraok  may  run  into  the  hole  of  a  rivet  that  connects  the  skin  with  a  tear  strap  or  stringer. 
This  case  was  paid  attention  already  in  section  V.B. 2  and  it  was  pointed  out  that  this  need  not  always 
bo  benefioial .  The  nearest  rivets  are  further  away  from  the  orack  tip  and  therefore  the  stringer  is  less 
effective  in  taking  over  toed  from  the  skini  consequently  orack  propagation  before  the  arrest  in  the  rivet 
hole  and  crack  propagation  after  reinitiation  is  faster  thon  in  oase  the  oraok  passes  between  two  rivetB. 
The  latter  effect  may  outrange  the  gain  of  the  dormant  period  necessary  for  oraok  reinitiation  from  the 
rivet  hole,  but  this  depends  upon  the  size  of  the  hole.  A  larger  hole  will  give  a  larger  reduoticn  of  the 
stress  oonoentration  and  give  a  longer  dormant  period. 

In  oase  of  adhesive  -  bonded  tear-straps  or  stringers,  crack  arrest  depends  completely  upon 
the  reduction  of  the  stress  intensity  factor.  In  fact  there  is  no  real  crack  arrest,  but  a  reduotion  of 
crack  growth  rate.  In  figure  V.B. 22  derived  from  the  work  of  Hardrath  et  ai  [32]  on  aluminium-alloy  box 
beams,  a  comparison  is  made  between  identical  riveted  ul. ringers  and  adhesive-bonded  stringers.  Oraok 
arrest  and  dormant  periods  occurred  in  the  riveted  structure  where  the  orack  ran  into  a  rivet  hole. 

However,  in  total  the  crack-propagation  is  slower  in  the  bonded  structure. 

Figure  VB  22  confirms  the  statement  made  above  that  crack  arrest  in  a  rivet  hole  need  not 
always  be  the  best  solution.  On  the  other  hand,  it  can  be  predicted  on  the  basis  of  figure  VB  22  that  a 
bonded-and-riveted  stringer  might  have  given  even  better  results.  If  the  bonded  stringers  would  have 
contained  widely  spaoed  rivets,  oraok  arrest  and  a  dormant  period  would  have  ooourred  in  oase  the  crack 
would  have  run  into  a  rivet  hole.  This  would  not  have  impaired  the  effectiveness  of  the  stringer  in  this 

oase,  sinoe  growth  before  and  after  arreBt  would  have  been  as  slow  as  in  oase  of  adhesive  only.  There  are 

no  data  available  to  support  this  reasoning. 

In  tests  on  full  scale  wing  center  sections  [3^]  it  appeared  that  stop  holes  alone  do  not 
have  a  large  effect.  This  was  confirmed  by  tests  by  De  kijk  and  Otter  [40]  and  by  Van  Leeuwen  et  al  [41]  . 
This  again,  shows  that  the  reduotion  of  stress  oonoentration  is  not  very  effective  and  that  orack-re- 
initiation  will  follow  soon,  as  shown  in  figure  VP  23.  However,  the  situation  can  be  greatly  improved  if 
the  holes  are  expanded  by  oold  deformation.  This  leads  to  the  third  means  of  oraok  arrest  by  the 
introduction  of  residual  oompressive  stresses,  which  reduce  the  effective  tension  fatigue  stress. 

De  llijk  and  Otter  [40]and  Van  Le  i*w*m  et  al  [41]  expanded  the  stop  holes  they  drilled  at  the 

orack  tip,  by  means  of  a  device  as  depicted  x,.  igure  VB  24.  In  essence  it  consists  of  a  Bplit  cylinder 

which  can  be  made  to  expand  by  means  of  a  wedge  that  is  pushed  between  the  two  halves  of  the  cylinder.  It 
is  specially  suited  for  applications  where  aooess  to  the  structure  is  limited  from  the  outside  only.  The 
effect  of  the  method  depends  upon  the  amount  of  stretching  as  can  be  appreciated  from  figures  VB  25  and 
VB  26. 

Van  Leeuwen  et  ai  [41]  also  studied  the  effeot  of  filling  the  normal  unexpanded  stop  hole  by 
brazing  a  steel  plug  into  the  hole  In  a  steel  sheet.  This  proved  to  be  better  than  an  open  hole,  but  it 
should  be  noted  that  brazing  may  be  diffioult  to  apply  due  to  the  heating  involved. 

Other  methods  of  introducing  residual  stresses  to  reduce  oraok  growth  rates  were  investigated 

by  liggwirtz  et  al  [42]  and  by  Van  Leeuwen  et  ai  [4l]  .  They  pressed  steel  balls  in  the  material,  leaving  a 

"Brine! 1"  dimple  of  a  certain  diameter  at  the  oraok  tip  either  at  one  or  both  sides  of  the  sheets.  Eggwirtz 
et  ai  [42]  developed  auxiliary  equipment  enabling  application  to  airoraft  structures  where  aooess  to  the 
structure  is  limited.  The  effeot  of  the  dimpling  on  oraok  growth  oan  be  appreciated  from  figure  VB  27. 

From  the  foregoing  it  may  be  oonoluded  that  the  effeot  of  natural  oraok  stoppers  depends  large¬ 
ly  upon  the  reduotion  in  stress  intensity  whioh  causes  a  reduotion  in  oraok  growth.  A  smaller  benefit  has 

to  be  expeoted  from  a  reduotion  of  the  stress  oonoentration  whioh  oauses  a  dormant  period  until  oraok  re¬ 
initiation.  It  oan  also  be  oonoluded  that  artificial  oraok  stoppers  should  preferably  consist  of  adhesive- 
bonded  tear  straps.  Their  effeotivity  is  based  on  growth  rate  reduotion  by  stress  reduotion.  The  reduotion 
will  be  larger  if  the  stiffness  of  the  straps  is  larger  (chapter  V.C.l),  whioh  may  be  aohieved  by  a  larger 
oross-seotion  or  by  applying  a  strap  material  with  a  higher  modulus  than  the  skin  material .  The  latter  may 
cause  difficulties  if  the  ooeffioients  of  thermal  expansion  of  the  two  materials  differ  largely.  Tear 
straps  will  probably  have  their  greatest  effeotivity  if  they  are  adhesive-bonded  and  rivetedi  then  there 
will  ooour  a  dormant  period  in  addition  to  the  growth  rate  reduotion,  if  the  oraok  runs  into  a  rivet  hole. 

If  arrest  of  fatigue  oraoks  depends  upon  holes  or  stop-holes  the  introduction  of  residual 
stresses  is  really  neoessary.  In  this  reepeot  it  should  be  recommended  to  expand  all  those  holes  whioh  lie 
in  an  expeoted  oraok  path,  although  this  may  not  be  eoonomioally  feasible.  It  should  finally  be  noted  that 
expansion  of  the  hole  due  to  riveting  does  introduce  residual  tensile  stresses  rather  than  ooropreseive 
stresses.  The  riveting  procedure  is  therefore  not  suitable  to  aohieve  the  required  expansion.  The  use  of 
taper  looks  introduces  residual  tensile  stresses  around  the  hole.  The  latter  act  to  inorease  the  mean 
stress,  but  to  deorease  the  amplitude  of  oyolio  stresses,  whioh  usually  also  hes  a  benefioial  effeot. 
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V.C.  RESIDUAL  STRENGTH 


V.c.l  BUILT-UP  SHEET  STRUCTURES)  WINdS 


H.  Vlieger  and  D.  Brook 
V  .C.X.l  Introduction 

This  chapter  doalo  with  tho  roaiduol  strength  of  shoot  structures,  ibis  implies  that  it 
considers  the  condition  of  plane  stress.  In  the  next  section  tho  basic  fracture  behaviour  of  a  stiffened 
panel  is  explained  in  a  qualitative  way.  At  present  it  ic  possible  to  oaloulate  the  residual  strength  of  a 
stiffened  panel  to  a  high  degree  of  eoouraoy,  provided  the  residual  strength  behaviour  of  an  unstiffened 
sheet  of  similar  site  is  known.  As  outlined  in  the  following  section  the  latter  requirement  does  not  set 
shy  serious  restrictions  to  the  technical  applicability  ef  the  aethod. 

The  principles  ef  the  calculation  aethod  are  presented  in  seotlen  3*  Test  results  are 
provided  to  shew  the  usefulness  of  the  procedure  te  calculate  the  residual  strength  ef  stiffened  panels, 
such  as  wing  panels  and  tail  plane  panels.  .  oae  additional  difficulties  arise  whan  the  method  has  to  be 
applied  te  curved  panels  loaded  by  internal  pressure  such  as  fuselages.  This  problem  will  be  dealt  with 
in  a  separate  chapter  (V  ,C.2). 

The  calculation  procedure  can  be  extended  to  ooaplioated  built-up  sheet  structures,  with 
doublers,  rei&feroeasnts,  stringer  run-outs  eto.  These  particular  configurations  are  paid  attention  in 
section*  4  and  6  of  this  ohapter.  Of  course ,  the  aethod  can  be  further  improved.  Especially  stringer 
eooentrioity,  deformation  of  fasteners  and  fastener  holes  will  have  to  be  accounted  for  in  further 
refinements  of  the  aethod,  as  ia  outlined  also  in  section  4.  Crack  arrest  and  the  ueefulneae  ef  oraok 
etoppere  are  treated  in  eeation  5«  Baeioally,  there  is  s  possibility  t  ■>  incorporate  the  R-ourve  oonoept 
in  the  calculation  procedure.  This  ssy  be  a  worthwhile  igqtroveaent,  once  the  R-ourve  concept  le  better 
understoed. 


The  last  eeotions  of  the  chapter  deal  with  possible  other  means  of  analysis  of  atlffsnod 
panels  and  the  speoial  case  of  dandwicl  panels.  Ths  mathematics  of  tbs  calculation  procedures  are  present¬ 
ed  ia  two  appendices  (seotions  V  .c. 1.1.0  and  V  .C.l.ll). 

V  .c.1.2  Basic  fracture  behaviour  of  a  cranked,  stiffened  panel 

Sines  ths  calculation  of  ths  residual  strength  of  a  cracked  stiffened  panel  is  based  on  ths 
residual  strength  prspsrtiss  of  sn  unstiffened  sheet,  ths  behaviour  of  ths  latter  will  be  considered 
briefly  hers  (a  sore  elaborate  treatment  is  given  in  ebapter  V  .B.3), 


In  a  uniaxially  loaded  panel  with  a  central  transverse  oraok  of  length  2a  ,  the  stress  osn  be 
raised  too*,  and  than  ths  oraok  wiU  start  to  grow  slowly.  This  oraok  growth  is  stable,  l.s.  crack 
propagstion*oan  be  maintained  only  if  tbs  lead  is  raised  further.  Ultimately,  at  a  stress  C  ,  ths  oraok 
will  reach  a  length  2a  where  it  will  propagate  unstably  at  constant  stress,  resulting  in  final  failure  of 
the  panel.  The  longer  tbs  initial  oraok,  the  lower  ths  values  of  o'  and  CX0  as  illustrated  by  ths  ourvss  in 
figure  V  c.l.  Ths  middle  ourve  relates  ths  fracture  stress  direotlf  to  tbs  initial  oraok  length  2a  .  For 
ths  application  to  stiffened  panels  it  is  net  strictly  neoeseary  that  ths  events  described  obey  a  constant 
X  oanospt,  i.e.  K^,  K  and  need  not  bs  osnstnnts  (sea  chapter  V  .A.}),  but  it  is  useful  to  describe 
tho  events  In  terns  of  “he  strew  intensity  factor.  This  problem  will  bs  discussed  in  some  mere  detail 
later  in  this  ohapter,  (Nets  is  used  hare  for  opening  nods  oreoking  instead  of  k,, since  the  problem  is 
plans  stress)  this  is  dsns  in  sooerdanoe  with  chapter  V  .a). 


When  ths  panel  is  provided  with  stiffeners  tbs  (trees  distribution  in  ths  oraoked  region  is 
different.  The  stringers  provide  extra  stiffasss  that  tends  te  decrease  the  stress  at  ths  oraok  tip  by 
lead  transfer  from  ekeet  to  stringer,  in  this  eenmeet'ea  two  significant  dimensionless  parameters  have  to 
bs  istreduosd,  namely  tke  "tip  stress  reduction  footer"  0R  and  tha  "stringer  load  oonoastration  faoter*L„, 
The  tip  stress  re due ties  factor  0R  is  defined  aa  thi  ratio  sf  ths  stress  intensity  footers  for  sheets  with 
and  without  stringer# 


o  .  <  i 

n  usat iff sued 


U) 


Tha  stringer  lead  eenoentratlM  footer  it  defintd  as  ths  ratio  ef  the  eexlaum  stringer  lead  and  ths  lead 
in  tho  stringer  remote  free  the  oraoked  eeotieni 


s  • 


JMI  >  x 

J stiffener 
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Tke  valuee  sf  C_  and  dspaad  upon  the  stiffening  retie,  ths  stiffness  sf  the  attachment,  aad  the  ratio 
sf  oraok  lengtirte  stringer  spaaing.  Aa  shewn  in  section  J  ef  this  ohapter  0R  and  L.  oan  bs  calculated  for 
various  configurations  sf  eraeked  stiffened  panels,  for  the  qualitative  dleotUaisna  in  this  ohapter  it  ia 
sufficient  ta  knew  tke  parametera  that  affect  0R  and  lu>  figure  VO. 2  shews  diagraematirally  hew  0.  and 
l.  vary  for  tha  oaee  of  a  central  oraok  between  two  stiffeners.  Per  cracks  in  ths  order  ef  the  stringer 
spacing  ths  stringer  ia  very  effective  leading  to  high  Lg  sad  lew  0R. 

figure  V  o.)  depicts  tha  rsaidaal  strength  diagram  ef  a  duple  panel  with  two  stiffeners, 
containing  a  central  oraok.  Tha  behaviour  of  this  pans!  will  bs  analysed  in  detail  below.  In  figure  V  c.l 
the  liees  a,  b  and  o  represeat  the  residual  strength  curves  for  tho  unatiffomod  pawl,  like  those  in 
figure  v  o.l.  isonnee  of  ths  pro  as  am  ef  the  flrtap.i  the  strew  intensity  faster  will  be  reduced  by  a 
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FIG.  VC  1  RESIDUAL  STRENGTH  CURVE  OF  UNSTIFFENED  PANEL. 


FIG.  VC  2  VARIATION  OF  CR  AND  Lc  WITH  CRACK  LENGTH  IN  STIFFENED  PANEL  WITH  CRACK  BETWEEN 
STIFFENERS. 

<X 


FIG.  V  C  3  RESIDUAL  STRENGTH  DIAGRAM  FOR  SIMPLE  STIFFENED  PANEL. 
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factor  Gj,  <  l.  Assuming  that  oraok  propagation  in  the  ■tiffwnoi  panel  ooour*  at  the  nan*  otm*  Intensity 
faotor  as  In  tto  une*lffenwd  panel,  tto  atroaa  to  propagate  a  orwk  will  to  Increased  hp  a  faotar  X/UM * 

This  awane  that  tho  linaa  a  and  o  will  to  rained  to  a  and  f,  reepeotively,  Ttoaa  twvia  ohuw  a  aaxiaui  for 
a  oraok  eligbtly  larger  than  tha  atringor  apaoing  bootuse  tha  mutinum  tip  atrow  re duet l on  ooour*  wton  tto 
oraok  extend*  a  Ugh  tip  beyond  tha  atringor  oontar  lino  (mo  Pig.  V  Q.a). 

However,  in  a  atiffaaad  panal  also  tho  possibility  of  atringor  failure  should  to  eonaidorod. 
Una  g  in  figure  V  G.3  la  tho  looua  for  atrlngai'  failure.  Whan  thoro  io  no  oraok  (8a  «  0)  tto  atrirgor  will 
fail  at  ito  IT'S.  Whan  tha  oraok  approaotoa  tu  atriagar,  tto  load  oouoMtratiM  faotor  L.  will  i  ears  as* , 
ao  that  tha  atringar  will  fail  at  a  lowor  nominal  atroaa.  atrlotlp  apaakiag.  tto  Una  g  la  determined  V 
tto  aquation 


however  aa  aoco  aa  tha  atringar  atarta  ta  plaid.  Lj  haa  to  to  oorrootod. 

In  oaao  tho  oraok  la  otlll  wll  at  tho  west  of  <  notability  (8a  «  8a.  wtoro  ta  la  atringor 
•pacing)  tho  otrooo  condition  at  tho  oraok  tip  will  hardlp  to  Anflwonoad  hp  tto  otringora  and  tko  atroaa 
at  unstable  oraok  growth  initiation  will  to  tto  mm  aa  that  af  an  vvaatiffoasd  a  toot  af  tto  anna  mis*. 

Wton  tto  mutably  growing  oraok  approaotoa  tto  atiffaaar.  tto  load  oonoontration  In  tto  otiffonar  will  to 
oo  high  that  tto  otiffonar  folio  without  (topping  tto  unoiohlo  oraok  growtk  (liM  AJGD  in  flguro  V  0,3), 

Wton  tho  panol  contain*  o  oraok  oxtaading  olaoot  fro*  too  otiffonar  to  tto  ottor  (8o  8a), 

tto  atringor  will  to  e.rtroM'y  offootivo  in  reducing  tha  p**k  otrooo  at  tto  oraok  tip*  (Cfi  oaill), 
resulting  in  a  higher  value  of  tho  otroao  at  oraok  growth  Initiation  at  point  f  in  figure  V  C. 3,  With  in- 
oroaaing  load,  ito  oraok  will  grow  otahlp  to  tko  otiffonar  (SFOK)  and  duo  to  tto  into  rant  iooroano  of 
otiffonar  offootivonooo,  tto  crook  growth  will  remain  otahlo.  (iotuallp,  no  unstable  oraok  growtk  will 
ooour  for  oraok  lengths  larger  than  8a.).  Fracture  of  tto  panol  will  ooour  at  tto  otroaa  lrrol  indicated 
by  <T  duo  to  tho  foot  that  tto  stiffener  haa  reached  ito  failure  otrooo  and  tho  otrooo  roduotioa  in  tto  akin 
io  no  longer  offootivo  after  atringor  failure. 

For  oraok*  of  intermediate  oiea  (8a  -  2a.),  there  will  to  unotobla  oraok  growth  at  a  atroaa 
slightly  above  the  fracture  otrength  of  tto  unetiffsnld  stoat  (point  M),  but  thio  will  bo  otoppod  under 
tto  otiffenara  at  N.  After  oraok  arroat  tto  panal  load  oan  to  further  increased  at  the  coat  of  sow 
additional  stable  oraok  growth  until  H,  wtoro  tto  ultiaata  atringor  load  io  reached,  again  at  tha  atroaa 
level  5*  . 


For  tto  aiapl*  penal  of  figure  V  C.3  tho  aotual  residual  otrength  curve  la  of  tto  shape 
indicated  by  tto  solid  line.  This  ourv*  contains  a  horizontal  part  doterained  hp  tho  intersection  of  lines 
e  and  g.  For  initial  crack*  smaller  than  tto  stiffener  spacing,  thia  fiat  port  oonatituteo  a  lowor  bound 
of  the  residual  strength. 

It  haa  been  outlined  that  CR  and  U  depend  upon  stiffening  ratio  (Pig.  V  0.2).  In  faot,  this 
implies  that  tto  residual  strength  diagram  of  fxguro  V  C.3  io  not  unique.  It  ohowo  tto  onto  that  atringor 
failure  is  the  critical  event.  For  ottor  stiffening  ratios  akin  failure  nap  to  the  orltical  event.  This  io 
depiotod  in  figure  V  C.4.  Duo  to  a  low  stringer  load  ooooentration  tto  ourvee  *  ang  g  do  not  intersect.  A 
oraok  of  cite  2a.  will  show  stable  growth  ot  point  B  and  too one  unstable  at  point  C.  Crank  arrest  occurs 
at  D  from  whore  further  alow  growth  oan  ooour  if  tho  load  io  raised.  Finally  ot  point  F  tho  oraok  will 
again  be owe*  unstable,  resulting  in  panel  fracture.  Apparently,  o  criterion  for  oraok  arrest  has  to  involve 
tto  two  alternatives  of  stringer  failure  and  skin  failure,  depending  upon  tha  relative  stiffness  ef  sheet 
and  atringar* 


It  nap  to  dear  free  tho  foregoing  that  it  is  sot  essential  for  oraok  arroat  that  tto  oraok 
runs  into  a  faetonor  hole.  Crack  arrsst  is  basloallp  a  rssu't  of  tto  rsduetian  of  oraok  tip  stress 
intensity  due  to  load  transmittal  to  tto  otringer. 

Figures  v  C.5  and  V  c.6  present  *o*m  test  data  of  Vlisger  (£.3]  for  riveted  panels  with  staple 
oyaaotrio  strip  stiffeners.  To  achieve  oraok  arrant  in  a  rivat  hole  and  between  rivets,  two  locations  of  tto 
lino  ft  tto  initial  oraok  with  rospoot  to  tto  nearest  rivets  were  ohosoni  through  and  between  rivet  holes* 
However,  in  all  oases  the  oraok  path  at  fracture  extended  through  rivet  holes  in  both  directions  independent 
of  tto  location  of  tto  initial  oraok.  So,  in  faot  only  spooinens  in  whiob  the  oraok  path  ran  through  rivet 
holes  wore  investigated  for  this  panol  typo.  Tto  toot  data  oonfirs  tto  predicted  behaviour.  Tha  residual 
strength  diagrams  indeed  oontain  a  horizontal  level.  (Solid  line  indicated  bp  0*  ).  In  ease  of  o  short 
oraok  (specimen  4  in  figure  V  c.5)  fraotur*  instability  occurs  at  a  stress  too  high  for  oraok  arroat  at 
the  stringer.  The  panel  failure  stress  is  tha  same  se  for  a  oomparabl*  unatiffened  sheet.  Longer  initial 
cracks  show  sons  alow  oraok  growth  and  than  a  sudden  fast  oraok  growth.  Oraok  arrest  ooourred  at  tto 
stringer,  after  which  tha  panal  could  be  loaded  to  tto  horisontal  level  where  final  failure  ooourred. 

In  tto  following  aeotiona  tto  methods  to  oaloulats  tto  residual  strength  diagram  will  be 
considered  and  more  teat  data  for  nore  practical  panel  configurations  will  be  presented. 

V.C.1.3  Principles  of  the  calculation  of  tha  residual  strength  diagram 

Methods  to  oaloulats  the  tip  stress  reduction  faotor  have  been  developed  independently  bp 
Vlisger  (1,2,3]  ,  Swift  and  Wang  [4,5]  ,  Poe  [6,7]  and  Creagor  and  Liu  (Uj  .  Application  of  the  tip  stress 
reduction  faotor  and  tto  stringer  load  ooneeutratisn  factor  to  establish  tha  residual  strength  character¬ 
istics  of  stiffened  pnnsls  were  proposed  by  Vliagsr  [2,3]  and  Swift  and  Wang  [4,3]  • 

In  calculating  CR  and  L„  two  different  methods  oan  to  used  vis.,  tha  finite  element  method 
and  an  analytical  method.  An  analytical  method  haa  advantages  over  tto  finite  element  method  in  that  the 
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So  far,  the  tU  mu  mi  ok  wi  Halted  t*  ski*  critical  tad  stringer  oritioal  configurations,  Of 
eouraa,  t  third  criterion  txlita,  which  ooaeorea  fastoMr  ftllurt.  Load  transmittal  fro*  th*  tkla  to  tha 
atringar  ttkai  pita*  through  th*  faattMr*  (ftatonor  load*  P,  ,  ,  ,  ,  P  ).  If  th*  faattMr  load *  bacow* 
to*  high,  faataaor  failure  m y  taka  plao*  by  ah*ar«  f**t*a*r  failure  will  redoes  th*  affaotirlty  of  th* 
atringar  and  therefore  th*  residual  strength  will  drop.  Tt*  faattMr  lead*  P^  .  ,  .  P#  follow  fron  th* 
oaloulatiea*  d**orih*d  la  Motion  v  0.1,10,  Th*  hi|h**t  load*  will  be  P.  on  tha  fasteners  adjacent  to  th* 
oraok  path,  Th*  aagnitud*  *f  P^  t*  fail  th*  faat*nara  by  ah**r  oan  b*  oaloulatad  tad  th*  noadael  *tr***  is 
th*  ptMl  to  reach  f'1  than  (ini  a  third  11m  h  ia  th*  residual  strength  diagran  dapiotad  is  figure  V  c.ll. 

At  **ro  oraok  length  th*  faataaara  do  not.  carry  any  load)  ao  11m  h  tand*  to  isfialty  for 

2a -♦  0.  Por  th*  partloular  oa**  dapiotad  is  figure  V  o.U  th*  residual  strength  ia  ao  longer  detaraiMd 

hy  stringer  failure  aslaly  (daahad  hoi.-wntal  11m  through  point  U)  but  potiibly  by  faattMr  failure 

(point  K),  A  oraok  of  length  ia,  will  show  alow  growth  fro*  I  to  P  and  iaatability  fro*  ?  to  Q,  After 
oraok  arreat  at  0  further  alow  growth  oooura  until  at  X  th*  faattMr*  fall,  Th*  latter  will  probably  o*u*t 
panel  failure,  but  thia  oaaaot  be  direotly  ditarniMd  fro*  th*  diagraa.  Is  fact  a  saw  residual  strength 
diagraa  ha*  sow  to  be  oaloulatad,  with  oaiaaion  of  th*  first  row  of  rivet*  at  althar  aid*  of  tha  oraok. 
PaattMr  fallur*  will  affoot  load  traamittal  fro*  th*  akin  to  th*  stringeri  11m  f  will  ho  lowered,  line 
g  will  be  raised.  Tb*  lstaraeotion  H'  of  th*  saw  lino*  (  and  f  aay  atill  ba  above  X  and  hanoa,  th* 
reaidual  strength  will  (till  b*  d*t*r*is*d  by  stringer  failure  at  B'. 


Is  reality  the  behaviour  will  be  *or*  oonplioatad  due  to  plaatio  deformation.  Shear  dsfornat- 
lon  of  th*  faattMr  a,  hoi*  d*for**tios  and  alto  plaatio  doforaatios  of  th*  atringera  will  cocur  before 
fracture  take*  plao*.  Thia  plaatio  doforaatios  always  ltada  to  a  reduction  of  tha  affootiwlty  of  th* 
stringer  to  taka  load  fro*  th*  skis.  Thia  iapliaa  that  11m  g  will  b*  raised,  sad  Um  f  will  b*  lowered. 
Th*  intersection  of  th*  two  lisaa  (fallur*  point)  will  not  b*  affected  to  a  groat  daal,  however  (ooaptre 
point*  B  and  H'  in  figure  V  C.ll).  Thia  ia  tha  reason  why  tha  residual  atraagth  of  a  stiffened  panel  oan 
still  b*  predlotad  fairly  aoourataly,  avanif  plastieity  affect*  are  ignored  [2,3]  .  nevertheless  a  proper 
treatMSt  of  th*  problem  require*  that  plaaticity  effect*  are  tskan  late  aooouat.  In  o*a*  of  th*  enalytio 
Mthod  th*  plaaticity  affect*  oan  h*  aocouatad  for  in  an  approximate  aay  a*  indicated  by  Cr*ager  and 
Liu  [14]  .  Tbay  aaauaad  in  thair  oaloulatlon*  in  infinite  linear  alaatio  akin  and  alaatio,  parfaotly 
plaatio  tonsil*  and  shear  alaaMnt*  for  stringer  tad  faattMr,  roopeotively.  Pint  th*  set  of  n  independent 
equation*  (following  froa  equal  dieplaoaeente  in  akin  and  atiffanar  of  th*  n  fasteners)  corresponding  to 
th*  alaatio  solution*  i*  eolvod  (**•  Motion  V  .C.1.10).  Thia  will  deliver  th*  n  unknown  faetenar  force* . 
Thia  procedure  ia  oontlnuad  until  either  a  fastener  or  a  atringer  yield*.  Whan  one  of  both  elenente  yields 
th*  equation  following  froa  the  dlsplaaoMnt  of  tb*  concerning  element  is  dlsoerded.  In  case  of  yielding 
of  one  fastener  the  remaining  (n  -  1)  equations  ran  b*  eolved,  replacing  in  thaw*  *70*1100*  th* 
faetanar  force  F.  by  its  yield  foro*.  In  oaai  of  yielding  of  a  stringer  in  th*  ith  interval  (  .  interval 
between  faetenar*  i  and  i  ♦  1)  the  discarded  aquation  ia  replaced  by 


whar*  A  la  stringer  orosa-saction&l  ire a  and  <ry<  is  yield  (trass  of  stringer  material. 

3wift  ( 5 j  and  Swift  and  Wang  [4]  using  a  finite  *  lament  analysis  Method  take  into  acoount 
deforoation  of  faataMr  end  fastener  holes.  They  us*  enpirloal  relations.  Tbay  apply  th*  formla  for  th* 
daflaotion  6  [4,5]  • 


E  E  ~ 

«>  -  5*7  5.°  +  0,8  (J-  +  A.  -A) 


In  whioh  F  is  th*  rivet  force,  d  is  the  rivet  disaster,  B  and  B  are  th*  thioknassss  of  akin  and  reinforoa- 
nant  and  E^,  E(  sad  Ef  are  founds  Moduli  of  attaohaant,  atin  andrr*infcro*aant,  reapeotivaly,  Thia  foraula 
la  based  on  diaplaoeaant  M**ur*Mnts  on  siaple  lap  splios  apaclaMns, 

Another  problaa  that  haa  to  b*  aocouatad  for  i*  atringar  eoeantrioity,  Tha  aooantrlcally 
stiffanad  configuration  differs  froa  th*  ayaeatric  strip  arrangerent  in  two  rospootst 

a)  Th*  aeoantrio  atiffaner  has  a  lowar  affective  stiffness  and  therefore  las*  load  ia  trans¬ 
ferred  froa  ahaet  to  stiffener, 

b)  The  oooontrioally  loedad  atiffanar  will  cause  bending  of  th*  panel  in  tha  region  of  th* 
erick  tip. 

Tb*  eoeantrioity  of  the  rivot  fore#*  with  reaoeot  to  th*  stiff*Mr  ore**  section  gives  ria*  to  a  non- 
uni  forn  stress  distribution  which  is  shown  diagraaaetloelly  in  figure  V  C.12,  Whan  shear  daforeationa  are 
Mglaoted,  a  »i«p,»  linear  distribution  results  (Pig.  V  C,12a).  Shear  daforeationa  introduce  on  additional 
non-uni f orel ty  do*  to  shear  lag  (Pig,  V  C,12b).  With  regard  to  thsM  affects  th*  following  qualitative 

remark*  oan  be  made, 

a)  3tiff#a*r  bending  is  partly  prevented  by  th*  pre-«tre*a  c  ia  both  atiffanar  id  sheet,  and 

b)  Ssear  lag  and  also  atiffanar  banding  reduce  th*  affaotive  etiffneea  of  tb*  etriager  in  tb* 
vioinity  of  tha  orack,  resulting  in  a  lowar  atiffanar  load  (Pig.  V  C.lZb), 

Both  oirounstanoot  tend  to  reduo*  th*  Max t non  atringar  stress  and  to  nautralls*  th*  affects  of  atiffanar 
aooantriolty.  Th*  reduction  of  stringer  stlffMsa  dus  to  ahaar  lag  will  depend  on  th*  ratio  between  rivet 
piteh  and  developed  stiffener  width.  As  a  result,  for  tha  dlasnsions  of  th*  Z-atringer  under  consideration, 
a  larger  reduction  in  stiffness  and  a  lower  atiffanar  load  oan  be  expected  in  case  of  a  crank  that  runs 
through  rivet  hoi**,  than  ia  case  of  a  crack  between  rivot  holes.  This  la  oonflnsd  by  teat  result*  of 
Vlioger  [2,3]  to  be  dieouased  in  aaotloo  V.C.1.5, 
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STRESS  DISTRIBUTION  IN  CROSS-SECTION  A-A 
NEGLECTING  SHEAR  DEFORMATIONS 
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b.  STRESS  DISTRIBUTION  IN  CROSS-aECTION  A-A 
ACCOUNTING  FOR  SHEAR  DEFORMATIONS 


FIG.  V  C  12  EFFECT  OF  STRINGER  SHEAR  ON  STRESS  DISTRIBUTION. 
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b.  ONGERON  IDEALIZATION  FOR  THE  PANEL 
CONTAINING  CIRCUMFERENTIAL  CRACKS 


aFRAME  IDEALIZATION  FOR  THE  PANEL 
CONTAINING  LONGITUDINAL  CRACKS 


FIG.  V  C  13  IDEALIZATION  OF  STIFFENING  ELEMENTS  BY  SWIFT  AND  WANG  [4,5]  (  FINITE  ELEMENT  ANALYSIS) 
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Se  far,  the  dissuasion  Mi  limited  tt  skin  critical  tad  stringer  oritioal  configuration*.  Of 
course  ,  a  third  oritsrioa  exists,  whioh  ooaoemu  fastener  failura.  Lead  transmittal  free  the  akin  to  the 
stringer  takee  place  through  the  fasteners  (faataaar  lead a  f,  ....  F  ).  If  the  faataaar  leada  haeoaa 
tee  high,  faataaar  failure  aay  taka  plaoe  by  ahear.  Faataaar  failura  will  reduce  the  effeotlvlty  of  the 
stringer  aad  therefore  the  raaidual  strength  will  drop.  The  faatenar  leada  follow  from  the 

ealeulatieca  deaorihed  in  aeotioti  v  0.1,10.  The  highest  loada  will  be  F,  an  the  faatenera  adjacent  to  the 
orach  path.  The  negnitude  a f  F^  ta  fail  the  faatenera  by  ahear  oan  be  oaloulated  aad  the  nominal  atreaa  in 
the  panel  to  reach  then  gives  a  third  line  h  in  the  raaidual  atreagth  diagran  depleted  in  figure  V  c.ll. 

At  aero  orach  length  the  faatenera  do  not  earry  aay  load,  ao  line  h  tenda  to  infinity  for 

2a -»  0,  For  the  particular  oaee  depicted  in  figure  V  o.ll  the  raaidual  atreagth  ia  no  longer  determined 

by  stringer  failura  solely  (deahod  hoixuuntal  line  through  point  H)  but  poaaibly  by  faatenar  failure 

(point  K),  A  crack  of  length  2a.  will  ehow  alow  growth  fron  E  to  F  end  instability  frea  T  to  0.  After 
oraok  arreet  at  0  further  alow  growth  oooure  until  at  X  the  faatenera  fail.  The  latter  will  probably  oauee 
panel  failure,  but  thia  cannot  be  dlveotly  dtterainad  fron  the  diagran.  In  fact  a  new  raaidual  strength 
diagran  haa  now  to  be  oaloulatod,  with  oaiooion  of  tho  firot  row  of  rivoto  at  oithor  side  of  the  crack. 
Fastener  failure  will  affect  load  transmittal  fron  the  akin  to  tho  stringer*  line  f  will  be  lowered,  line 
g  will  be  raised.  The  intereeotion  H'  of  tho  now  linos  g'  and  f '  aay  still  bo  oboes  X  end  honoo,  tho 
residual  strength  will  still  bo  determined  by  stringer  failure  at  H'. 


Ia  reality  the  behaviour  will  bo  aoro  conplioeted  duo  to  plastio  deformation.  Shear  deformat¬ 
ion  of  tho  fasteners,  hole  deformation  aad  alao  plastio  deformation  of  tho  stringers  will  occur  before 
fracture  takes  plaoe.  This  plastio  deformation  always  laads  to  a  reduction  of  the  effeotivity  of  the 
string or  to  take  load  from  the  akin.  This  iapllsa  that  line  g  will  be  raised  aad  line  f  will  be  lowered. 
The  intereeotion  of  tho  two  linos  (failure  point)  will  not  bo  affected  to  a  great  deal,  however  (oompare 
pointe  H  and  U'  in  figure  v  C.ll).  Thia  ie  the  reason  why  the  residual  atreagth  of  a  stiffened  panel  osn 
still  bo  predicted  fairly  accurately,  oven  if  plastioity  effects  are  ignored  [2,3j  .  nevertheless  a  proper 
treatment  of  the  problem  requires  that  plasticity  effects  ere  taken  into  eooeumt,  la  oese  of  the  analytic 
method  the  plastioity  effects  oan  be  accounted  for  ia  an  approximate  way  as  indicated  by  Creager  and 
Liu  [14]  •  They  assumed  in  their  oaloulations  an  infinite  linear  alastio  akin  and  elastio,  perfectly 
plastio  tensile  and  shear  elements  for  stringer  and  fastener,  respectively.  First  the  set  of  a  independent 
equations  (following  from  equal  displace aents  in  skin  and  stiffener  of  the  n  fasteners)  corresponding  to 
the  elastio  solutions  is  solved  (see  seotion  V  ,0,1.10).  This  will  deliver  the  a  unknown  fastener  forces. 
This  procedure  is  oontinued  until  either  a  fastener  or  a  stringer  yields.  When  one  of  both  elementa  yields 
the  equation  following  from  the  displacement  of  the  concerning  element  is  di so  anted.  In  case  of  yielding 
of  one  fastener  F.  the  remaining  (a  •  l)  equations  oan  he  solved,  replacing  in  these  equations  the 
fastener  foroe  F.oy  its  yield  force.  In  oase  of  yielding  of  a  stringer  in  the  i*h  interval  (  >  interval 
between  fasteners  i  and  i  +  l)  the  dieoarded  equation  ia  replaced  by 


(5) 


where  A  ia  stringer  orose-eeotlonal  irea  and  cr  ie  yield  atreea  of  stringer  material. 

Swift  [5]  and  Swift  and  Wang  [d]  Using  a  finite  element  analysis  method  take  into  acoount 
deformation  of  faatenar  and  fastener  holes.  They  use  empirical  relations.  They  apply  the  formula  for  the 
defleetion  6  [4,5]* 


5.0  +  0.8  (£■  g*  +  #•  1*) 

s  e  r  r 


in  which  F  is  the  rivet  force,  d  is  the  rivet  diameter,  B  and  By  are  the  thioknesees  of  akin  and  reinforce¬ 
ment  and  Efc,  and  are  Youngs  moduli  of  attachment,  akin  and  reinforcement,  respectively.  Thia  formula 
ie  baaed  on  displacement  measurement*  on  simple  lap  splice  speoiamns. 

Another  problem  that  ha*  to  be  accounted  for  ie  atringer  eooentrioity.  The  eooentrieally 
stiffened  configuration  differs  from  the  symmetric:  strip  arrangement  in  two  respeotsi 

e)  The  eeoentrio  stiffener  has  a  lower  effective  stiffness  and  therefore  leas  load  is  trans¬ 
ferred  from  sheet  to  stiffener. 

b)  The  eccentrically  loaded  stiffener  will  oauee  bending  of  the  panel  in  the  region  ox'  the 
oraok  tip. 

The  eooentrioity  of  the  rivet  foroes  with  respect  to  the  stiffener  cross  section  gives  rise  to  a  non- 
uniform  atreea  distribution  which  is  shown  disgranmetioelly  in  figure  V  C.12.  When  sheer  deformations  are 
neglected,  a  simple  linear  distribution  results  (Fig.  V  C.12a).  Sheer  deformations  introduce  on  additional 
non-uniformity  doe  to  shear  leg  (Fig,  V  C,12b),  With  regard  to  these  effeota  the  following  qualitative 
remarks  oan  be  nadai 

e)  Stiffener  bending  la  pertly  prevented  by  the  pre-stress  cr  in  both  stiffener  id  sheet,  and 

b)  Shear  leg  aad  also  stiffener  bending  reduce  the  effective  stiffness  ef  the  stringer  in  the 
vicinity  of  the  crook,  resulting  ia  e  lower  stiffener  load  (Fig.  V  0,12b), 

Both  circumstances  tend  to  rednoe  the  mevinum  stringer  stress  and  to  neutralise  the  effeote  of  stiffener 
eooentrioity.  The  reduction  of  stringer  stiffness  due  to  shear  lag  will  depend  on  the  ratio  between  rivet 
piteh  and  developed  stiffener  width.  As  e  result,  for  the  dimensions  of  the  Z-stringer  under  consideration, 
a  larger  reduotion  in  stiffness  and  a  lower  stiffener  load  oan  be  expected  in  one*  of  e  creek  that  rune 
through  rivet  holes,  than  ia  oase  of  e  oraok  between  rivet  holes*  This  is  confirmed  by  test  results  of 
Vlieger  [2,3]  to  be  disouseed  in  seotion  V  .C.1.5, 
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FIG.  V  c.  14  RESIDUAL  STRENGTH  DIAGRAM  FOR  A  PANEL  WITH  THREE  STIFFENERS  AND  A  CENTRAL  CRACK  . 
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As  pointed  out  already,  stringer  secsntrioity  can  bs  easily  aooountad  for  in  finite  Henan t 
net bods.  The  idaaliaatlon  of  stringers  by  Swift  and  Wang  [4,5]  by  luaped  bars  and  sbaar  panels  has  already 
bean  shown  in  figure  V  C.ll,  Swift  and  Wang  alao  node  analytes  of  aore  complicated  geometries,  suoh  as 
•kin-shear  olipframe  attachments.  Figure  v  C.13  shows  how  they  idealised  various  oonplioated  arrangements 
of  stiffening  elements  [4,5]  by  luspsd  bars  and  shear  element*. 

So  far  the  disoussion  was  lisited  to  oraoks  between  two  stiffeners.  In  practioe,  however, 
oraoks  will  usually  start  at  a  fastener  hole  and  than  there  will  be  a  stringer  across  the  oraok.  This 
stringer  will  have  a  high  load  oonoentration  faotor.  The  problem  can  be  dealt  with  in  a  similar  way  as  the 
oraok  between  stringers,  either  analytically  or  with  finite  element  procedure*.  A  sohesatio  residual 
strength  diagram  for  this  oase  is  presented  in  figure  VC, 14.  Apart  from  the  curve  g  for  the  edge  stiffeners 
there  will  now  be  an  additional  failure  curve  k  for  the  central  stiffener.  Failure  of  the  panel  nay  be 
determined  by  the  intersection  L  of  curves  f  and  k  where  the  central  stringer  fails.  If  that  occurs  the 
lines  g  and  f  ere  not  valid  any  more,  since  both  the  skin  and  the  edge  stiffeners  will  have  to  take  the 
extra  load  from  the  failed  stringer |  this  will  lower  both  the  line  g  and  f(  to  g'  and  f'  and  in  general 
point  H'  will  be  lower  than  L.  The  latter  will  have  to  be  checked  in  a  complete  analysis. 

Due  to  the  high  load  oonoentration,  the  middle  stringer  will  usually  fail  fairly  soon  by 
fatigue  (see  section  V  .B.2.2)  and  therefore  the  lines  g*  and  f '  with  the  middle  stringer  failed  will  have 
to  be  used  and  the  residual  strength  is  determined  by  point  H' .  (Note  that  g' ,  f 5  and  H'  will  have 
different  positions  in  the  absence  of  the  middle  stringers  e  oracksd  stringer  will  induce  higher  stresses 
in  both  the  skin  and  the  edge  stiffener). 

The  oast  of  a  oentral  stringer  can  still  easily  be  treated  with  the  analytical  method  if 
eccentricity  effects  ere  ignored.  In  practice,  however,  the  geometries  in  which  oraoks  ocour  will  usually 
be  so  complicated  that  proper  solution  can  only  bs  arrived  at  by  a  finite  element  analysis.  A  few  of  such 
practical  oases  ere  shown  in  figure  V  C.15.  The  residual  strength  diagram  of  suoh  oases  will  bs  somewhat 
different  from  those  presented  so  far,  but  there  will  be  no  principal  differences.  In  case  of  a  skin  oraok 
with  an  intact  doubler,  the  latter  will  take  load  from  the  skin  and  act  in  the  same  way  as  a  stringer  in 
the  oases  discussed  hers.  If  both  akin  and  doubler  ere  cracked,  the  doubler  will  tranmait  extra  load  to 
the  skin  end  there  will  be  an  increase  of  the  tip  stress  instead  of  a  reduction. 

It  nay  be  clear  from  the  foregoing  discussions  that  it  is  necessary  to  establish  a  complete 
residual  strength  diagram  also  for  such  practical  esses  dspiatsd  in  figure  V  C.15.  This  implies  that  the 
situation  has  to  bs  analysed  for  various  oraok  sises,  otherwise  the  behaviour  of  the  structure  oennot 
properly  be  o becked.  If  for  exaqtle  in  figure  V  C.3  one  would  only  consider  one  oraok  siss  2a  *  2s,  then 
only  the  points  N  and  T  would  bs  determined.  These  points  give  no  information  on  the  residual  strength 
which  is  determined  by  H.  When  using  finite  element  methods  it  is  necessary  to  adopt  suoh  a  procedure  as 
the  one  used  by  Swift  and  Wang  [4,5]  where  different  oraok  sises  can  bs  simulatsd  by  subsequently  die- 
connecting  successive  elements  in  the  creek  path.  Otherwise  a  completely  new  analysis  would  have  to  be 
made  for  another  length  of  oraok. 

Finally  this  section  will  have  to  deal  briefly  with  the  oase  of  adhesive  bonded  and  integral 
stiffeners.  In  the  analytical  method  these  oan  be  treated  by  assuming  uniformly  distributed  fastener 
forces  F  .  ,  .  F  along  the  stringers.  Similar  procedures  can  be  thought  of  for  finite  element  methods. 

It  should  bs  noted  that  the  criterion  of  stringer  failure  is  not  relevant  in  case  of  integral  stiffeners, 
since  the  oraok  can  run  right  through  tbs  stiffeners.  In  that  oass  there  will  only  be  a  skin  oraok 
propagation  criterion,  but  this  will  still  bs  different  from  the  osse  of  riveted  stringers,  the  integral 
stringer  will  already  be  partly  oracksd  if  the  oraok  slse  equals  the  stringer  spacing. 

In  oase  of  adhesively  bonded  stringers  the  oritsrion  of  fastener  failure  (or  rather  adhesive 
failure)  will  be  important .  Load  transmittal  free  the  skin  to  the  stringer  in  the  orsoksd  ares  will  sat  up 
high  shear  stresses  in  the  bond.  This  nay  lead  to  deooheslom  and  consequently,  a  decrease  of  the  effectiv- 
ity  of  the  stringer  to  take  load  from  the  skin;  decohesion  will  alter  the  residual  strength  diagram  as  in 
the  oase  of  fastener  failure  discussed  earlier  in  this  ssotion  (Fig.  V  C.ll). 

v  .c.i.5  unit 

As  pointed  out  in  the  foregoing  sections,  arrest  of  unstable  oraok  growth  at  the  next 
stringer  is  governed  by  three  ortteria, 

a)  Stringer  failure. 

b)  Fastener  failure  or  bond  failure, 

o)  Skin  oraok  propagation. 

If  any  of  these  three  oriteria  are  met, total  failure  will  ooour. 


Aooording  to  equation  (2)  the 
)  and  remote  from  the  oraok  (?„),  is 


ratio  betwean  the  load  in  tht  stiffener  in  tbs  orsoksd  region 
defined  es  the  load  oonoentration  faotor  Lg  or 


where  cr  is  tbs  uniform  stress  at  the  loaded  end  of  the  panel  sad  A  is  the  stiffener  aeotioaal  ares. 
Failure  of  the  stiffener  will  ooour  when  the  value  of  F_„  is  equal  to  tbs  ultimate  strength  of  tbs 
stiffener  (F^),  or  when 
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FIG.  V  C  16  TEST  RESULTS  OF  STIFFENED  PANELS  WITH  2024  -  T3  SKIN  AND  A  BROKEN  CENTRAL  STIFFENER  [3] 
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FIG  V  C  17  PREDICTED  RESULTS  FOR  PANEL  CONFIGURATION  OF  FIG.V  C  I6.[3] 


where  a  ,  t  is  <h«  ultimata  ten-,ils  strength  of  th«  stiffener  oatarial  and  /  <  1  i>  t  factor  accounting 
for  load  eccentricity  and  not jh  effacta  in  tha  atiffanar.  If  there  ia  a  uniform  atraaa  distribution  in  the 
panel  raaota  from  tha  crack,  than  tha  atraaa  in  tha  stringer  trill  equal  the  nominal  atraaa  <r  in  the  akin, 
i.a. 

Pco"CTA3  (9) 

Combining  aquations  (8)  and  (9)  yields  tha  following  atiffanar  failure  criterion! 

<r 

cr  -  </'— (10) 


Fastener  failure  will  occur  whan  tha  fastener  foroaa  F,  transmitted  by  tha  fasteners 
adjacent  to  tha  oraek  exceed  tha  critical  shear  load  of  tha  fastener.  The  fastener  failure  criterion  ia 
than  given  by 

'l«!^«it  <U> 

where  d  is  tha  fastener  diameter  and  f  ..  is  tha  ultimate  shear  atraaa  of  tha  fastener  material,  it  has  to 
be  a op has  iced  that  fastener  failure  nags*  not  necessarily  causa  total  failure  of  the  panel  as  has  been 
pointed  cut  in  tha  foregoing.  If  the  fastener  failure  criterion  in  eet,  tha  values  for  Ls  and  CR  will 
ohangetthe  stringer  failure  criterion  and  tha  akin  crack  criterion  will  have  to  be  re-o hacked  in  a  new 
analysis. 


The  intensity  of  the  stress  fisld  in  tbs  neighbourhood  of  the  oraok  tip  of  an  unstiffened 
sheet  is  governed  by  tha  stress  intensity  factor  X  defined  as 

Xua stiffened  “  f  (12) 

where  f(a/w)  ia  a  width  oorreotion  factor  (Chapter  V  .9). 

According  to  equation  (l)  the  effaot  of  tha  stiffener  on  tha  stress  condition  at  tba  crack  tip  is  express- 
ad  by  the  tip  stress  reduction  factor  CR  defined  as 


w 


unatiffened 

Henoa  the  stress  intensity  footer  of  the  stiffened  sheet  osn  be  expressed  as 

^stiffened  -  CBf 


Assuming  that  skin  oraok  propagation  ooours  when  Ka^^fftntg  has  a  value  equal  to  the  plana  stress 
fracture  toughness  of  the  unstiffened  sheet,  X  ,  then  tha  stiffened  skin  oraok  resistance  curve  is  given 
by  tha  relation 


*  °Rf  S>\/^0 


It  has  to  be  asphasiaed  that  tha  akin  oraok  orlterioo  need  sot  necessarily  be  based  on  X  .  For  the 
determination  of  tha  stiffened  sheet  failure  stress  a  relation  between  CT  and  2a  of  tba 10 unstiffened 
panel  has  to  be  available!  this  relation  need  not  be  dictated  by  X  2  oonetaSt,  sinoe  a  staple  date- 
plot  will  suffioe.  Thin  data  plot  will  give  tha  failure  stress  cr  of  tu  unstiffened  panel  as  a  function 
of  2a„ 

C r0  -  f  (2a0)  (16) 

In  order  to  apply  this  to  the  stiffened  panel  tha  additional  assumption  is  required  that  skin  oraok 
propagation  in  tha  stiffened  panel  will  ooour  whan  tha  stress  at  the  oraok  tip  is  the  same  as  in  the  un¬ 
stiffened  sheet  at  tha  particular  oraok  length  under  consideration.  Henoa,  tha  akin  oraok  oriterion  is 
given  by 

skin  "  CR  (17) 


This  means  that  the  skin  oraok  resistance  ourve  oaa  be  obtained  by  raising  all  points  of  the  unatiffened 
panel  ourve  by  a  factor  l/c_  pertinent  to  the  particular  length  of  oraok. 

The  latter  procedure  will  usually  hare  to  be  applied  ia  oass  of  2024-TJ  skin  material  for 
which  an  actual  X  value  usually  cannot  bo  determined  (except  for  extremely  large  panels).  Comparison 
of  the  teat  data  dr  figure  V  0.16  with  the  predioted  results  (figure  V  c.17)  indicates  that  the  procedure 
works  satisfactorily.  A  oomparisom  of  results  of  tests  and  theory  for  panels  with  edge  stiffeners  and  a 
7075-T6  akin,  which  yields  a  valid  X  ,  can  bs  mads  by  considering  figures  V  0.5  and  V  C.l8b. 
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When  discussing  arrant  of  a  fact  -  growing  oraok,  the  question  arises,  whether  or  not  it 
ukti  any  difference  that  the  orach  passes  between  rivet  holes  or  runs  into  a  rivet  hols.  A  general  answer 
to  this  question  oannot  be  given,  sinoe  it  say  differ  for  different  geometries.  Strictly  speaking  it  is 
better  that  the  oraok  passes  betwoen  rivet  ho lest  in  that  oase  the  nearest  rivets  are  at  a  distance  y  /2 
from  the  oraok  edges  (if  yQ  is  the  rivet  spacing).  This  naans  that  the  stringer  is  nor*  effective  in 
taking  load  froa  the  skin  and  the  tip  stress  reduotion  will  be  larger  (snail  C„)  at  the  cost  of  a  higher 
load  concentration  in  the  stringer  (high  L.)  and  high  fastener  loads.  If  the  oraok  rune  into  a  rivet  hole, 
the  nearest  rivets  will  be  st  a  distance  giving  e  saaller  tip  stress  reduction  (cR  larger)  and  lowar 
stringer  load  (low  L_)  and  lower  fastener  loads.  Then  of  o cures,  it  will  depend  on  the  strength  of 
stringers  and  fasteners  aad  upon  tbs  oraok  resistance  of  the  akin  per  ee,  which  situation  is  preferable. 

The  problem  is  outlined  for  a  particular  sheet  stringer  ooabinstiea  in  figure  VC.  18.  It  ie 
a  oaae  of  a  7075-T6  akin  with  X  .  276  kg/W3/?  and  7075-T6  stringer  with  a  tfT;5  of  55.9  kg/nm2.  Formal 
analysis  of  this  panel  gives  the°reeidual  strength  diagrams  of  figure  V  c.lCa  for  a  oraok  pasting  between 
rivets  end  of  figure  V  C.18b  for  a  oraok  running  into  a  rivet  hole.  Indeed,  .here  la  a  much  larger  tip 
stress  reduotion  if  tbs  oraok  passes  between  the  holes,  which  is  illustrated  by  the  such  higher  skin  oraok 
propagation  curve  in  g  than  in  fc.  The  failure  criterion  is  stringer  failure  at  point  H  in  g  at  a  stress 
of  31.8  kg/am2.  In  oase  &  the  fracture  oriterion  is  skin  oraok  propagation  at  point  K  at  a  stress  of  about 
29  kg/am2,  followed  by  stringer  failure  at  H  at  about  the  ease  stress. 

Apparently  tbs  residual  strength  level  is  lower  in  oase  £  than  in  oase  g  according  to  this 
analysis.  However,  there  is  an  additional  benefit  of  tha  rivet  bole,  which  has  not  yet  been  considered.  If 
the  oraok  runs  into  the  rivet  hole  at  point  R  the  oraok  tip  will  be  blunted.  This  iaplies  that  further 
oraok  growth  will  occur  at  a  higher  stress  than  suggested  by  curve  f.  The  etre/n  for  further  oraok  growth 
will  bo  somewhere  between  point  R  and  L  end  that  depends  upon  the  else  of  the' hole. (See  section  V  .A. 3. 5). 

Suppose  that  the  hole  sice  will  postpone  oraok  growth  until  point  3.  Craok  arrest  will  than 
ooour  again  at  T  aad  slow  growth  until  K  where  final  failure  takes  piece.  In  that  case  there  is  no 
benefioial  effeot  of  tbs  rivet  hols  at  all.  This  holds  as  long  as  further  oraok  growth  ooours  at  stresses 
lower  than  29  kg/mm2.  If  oraok  growth  ie  postponed  until  U,  there  will  be  no  further  oraok  arrest  and 
stringer  failure  ooours  st  V.  The  fastener  hole  might  be  so  large  that  oraok  growth  is  postponed  formally 
to  w.  This  is  insignif leant ,  sinoe  st  L  stringer  failure  will  ooour,  which  of  oourse  gives  total  fracture. 
Consequently,  the  highest  benefit  that  can  be  obtained  is  an  increase  of  residual  strength  from  X  to  L, 
where  stringer  failure  triggers  fracture.  Depending  upon  the  else  of  the  fastener  hole,  failure  will  ooour 
somewhere  between  K  aad  L.  Comparison  with  oase  g  shows,  that  for  this  configuration  there  is  no  greet 
benefit  of  oraoks  running  into  rivet  holesi  but  as  indicated  in  the  previous  disc  use ion,  each  panel 
configuration  requires  a  now  analysis)  there  is  no  general  rule.  It  has  to  bs  remarked  hers,  that  in  the 
foregoing  dl ecus el on  further  oraok  growth  from  the  rivet  hole  was  disregarded.  In  ossa  a  new  fatigue  oraok 
starts  at  tbs  rivet  hols  the  benefioial  effeot  of  the  rivet  hole  is  canoelled  and  the  residual  strength  is 
determined  by  point  H.  (See  also  sections  V  .A. 3. 5  and  V.B.2.5). 

V.C.1.6  Residual  stiffened  panels  Mnd  winra 

This  eeotioa  is  intended  merely  for  the  presentation  of  aoms  mors  test  results  for  stiffened 
panels  and  a  few  data  that  exist  for  oomplete  wing  structures.  These  date  confirm  the  versatility  and  the 
power  of  the  residual  strength  analysis  method  for  stiffened  panels* 

Toot  data  of  Vlisgor  [2,3]  on  panels  with  simple  strip  stiffener*  wore  presented  already  in 
figures  V  C, 5,6,16. Vlisgor  predioted  too  behaviour  of  these  panels  by  means  of  the  analytical  method  to 
an  soouraoy  of  3  to  10  percent  [2,3]  ,  whioh  is  considered  very  satisfactory  for  residual  strength 
prediction*.  Besides,  all  his  predictions  were  st  the  safe  side.  Vlleger  also  tasted  penal*  with  2-type 
stringers,  sons  results  of  whioh  are  presented  In  figure  VC.19, 

Swift  end  Wang  [4,5]  tested  extrenely  large  panel*  with  longerons  and  framae.  The  latter  were 
•tvaohed  to  the  skin  vis  ahesr  olipe,  whereas  in  some  eases  extra  tear  straps  were  used  as  oraok  stopper*. 
Some  of  these  configurations  were  shown  bars  already  in  figure  V  C.13.  The  longerons  were  either  T  or  hat- 
sections.  Sosw  teat  data  are  shown  in  figure  V  C.20.  Swift  and  Wang  predioted  these  data  by  mesne  of  the 
finite  element  analysis  methods,  discussed  her*  in  section  V  ,0.1,3.  Their  predictions  also  have  an  soouraoy 

of  better  than  10  pereent,  sad  better  than  5  peroent  in  most  oases  [4,5]  . 

The  residual  strength  oharaoterlstioe  of  actual  wing  center  sections  of  a  civil  aircraft 
L10,ll]  are  shown  In  figure  V  0,21.  Test  results  of  11  wing  osntsr  sections  give  a  substantiation  to  the 
behaviour  of  built-up  sheet  structures)  beyond  a  certain  oraok  else  there  is  always  oraok  arrest  at  the 
stringers.  Finally,  some  data  of  Vlisgor  [2,3]  are  presented  for  panels  with  adhesive  bonded  strip 
stiffsnsrs  or  Z-stringsrs  (Fig.  V  0.22).  When  ooaparing  these  results  with  those  of  siailar  riveted  panels 
(see  figs,  v  c  5,6,19),  it  appears  that  in  the  bonded  panels  in  all  oases  unstable  oraok  growth  started  st 

a  higher  load  level,  even  when  the  initial  oraok  tip  was  not  olose  to  a  stiffener.  This  olssrly  indicates 

a  much  greater  effectiveness  of  bonded  stiffeners  with  regard  to  tip  stress  reduotion,  oaueed  by  the  large 
rigidity  of  the  edhesive  joint.  Further,  in  none  of  ths  bonded  panels  unstable  oraok  growth  was  followed 
by  oraok  arrest.  This  completely  different  behaviour  compared  with  that  of  siailar  riveted  panels  night 
have  been  oaueed  by  deooheeloa  of  ths  adhesive  layer  olose  to  ths  line  of  ths  oraok  due  to  ths  high  shear 
loads  la  that  region.  This  nay  ooour  particularly  in  ease  of  Z-etrlngers  due  to  ths  smaller  bonded  area 
ooqpared  with  that  of  strip  stiffonsrs.  This  pregrtesive  daeohsaiom  will  result  in  an  ever  decreasing 
stringer  effeotivinese  aad  eomsocrueatly,  a  lower  tip  stress  reduotion.  Finally,  this  nay  lead  to  unstable 
oraok  growth  in  ths  sheet  followed  by  failure  of  the  stiffener.  A  useful  oriterion  for  bond  failure  it  not 
yet  available  aad  therefore  the  behaviour  of  adhesive  bonded  panels  is  difficult  to  predict.  Nevertheless, 
tbs  residual  strength  diagrams  show  the  same  'horisontal  part  aa  those  presented  in  other  figures. 


«  TBIT  POINTS 
CALCULATED 
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o.  GROSS  RESIDUAL  STRENGTH  CURVES  FOR 
CIRCUMFERENTIAL  CRACKED  FLAT  PANELS 
(  HAT  SECTION  LONGERONS  ) 


b.  GROSS  RESIDUAL  STRENGTH  CURVES  FOR 
CIRCUMFERENTIAL  CRACKED  FLAT  PANELS 
(TEE  SECTION  LONGERONS) 
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c.  GROSS  RESIDUAL  STRENGTH  CURVES  FOR 
LONGITUDINAL  CRACKED  FLAT  PANELS 
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d.  GROSS  RESIDUAL  STRENGTH  CURVES  FOR 
LONGITUDINAL  CRACKED  FLAT  PANELS 


FIG.  V  C  20  TEST  RESULTS  OF  SWIFT  AND  WANG  [4,5]  ON  120  IN  WIDE  PANELS  WITH  7075  -  T  73  SKIN 
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RESIDUAL  STRENGTH  CHARACTERISTICS 


V  .C.1.7  Tha  R-curve  and  tha  realdual  itrangth  it  stiff  tead-Psaa  la 

la  chapter  V  .B.3  it  >u  shewn  that  the  E-curve  concept  eau  be  vary  useful  la  tha  explanation 
of  tk«  fracture  behaviour  of  sheet  under  plaae-atrese  conditions.  H avatar,  tba  concept  haa  sot  yet  found 
oraotloal  application  in  view  of  tba  difficulties  in  da tai raining  reliafcla  and  reproducible  R-ourvee. 

Future  developments  may  load  to  practical  usefulness,  Therefore,  it  ia  uaaful  to  canal  dor  tba  applicability 
of  tba  R-curve  eoooapt  ia  oaaa  of  built-up  rbaat  structure*  or  Bora  specifically  ia  oaaa  of  stiffened 
paaala.lt  will  ba  shown  baloa  that  tba  R-curre  ooaoapt  can  easily  ba  incorporated  ia  Uw  residual  strength 
eaal/sls  of  atiffaaad  panala.  A  first  attaapt  for  tba  application  to  atiffanad  panala  >u  Bade  by  Oranger 
and  Lla  fid]  .  In  ordar  to  facilitata  comprehension  tba  R-curva  coneapt  for  unatiffanad  ahaat  will  ba 
ravlaimd  vary  briafly.  For  a  Bora  alaborata  traataant,  rafaranca  ia  aada  to  tba  partinaot  chapters  of  this 
voluaa. 


2  '."he  c ana  of  an  unatiffanad  ahaat  ia  depicted  ia  f 1 jura  V  c.23.  Tba  alaatlo  energy  ralaaaa  rata 

0  •  TT  G e/t,  la  caaa  of  ocoatent  atraaa,  la  proportional  to  tba  crack  length*  i.a.  for  a  given  atraaa,  G 
oaa  ba  rapraaaatad  by  a  straight  lina.  Undar  tba  preeenoe  of  a  crack  of  lergth  2a,  ,  (oeai- length  a  )  alow 
orack  growth  will  coaaenoe  at  a  atraaa  cr,.  Tba  anarjy  reissue  rata  ia  jivan  by  poiu.  A  wbara  G  .  R. 

Furl bar  lncraaaa  of  tba  atraaa  will  giveslow  crack  growth  to  B  at  a  atraaa  <7.,  wharc  final  failura  occurs, 
a Inca  0  raaalna  larger  than  R  (lina  BE).  Slailarly  a  crack  of  length  a,  will  0  give  failure  at  a  atraaa 
a tree  tba  G-llae  e^-C  ia  tangant  to  tba  R-curva. 

Figure  V  C.24  shows  tba  aiaplaat  oaaa  of  a  atiffanad  panel  where  tba  orack  artsnds  to  tba 
atringar  and  tba  R-curra  la  indicated,  In  a  atiffanad  penal  tba  tip-stress  intensity  is  reduced  by  a 
factor  CR  (sea  eq  1).  Since  G  -  t?(l  tba  C-line  for  tba  atiffanad  panel  will  be  given  by  G  .  Cj-ro^a/E. 

This  line  ia  no  longer  straight,  sinoe  C  ia  a  function  of  orack  length  (Fig.  VC. 2).  The  deviation  froa 
tba  straight  Una  will  ba  the  largest  in*  the  vloinlty  of  the  stringer.  Slow  orack  growth  will  coanance  at 
a  stress  CT  whara  in  point  A  there  ia  an  energy  balance  0  .  R.  Order  tne  absence  of  the  stringer,  failure 

would  take  place  at  tba  stress  (7  (at  poi.il  B).  Cus  to  tba  curved  0  line,  however,  tha  stress  C  will 

cu  o  u 

only  cause  slow  crack  growth  to  point  C  in  oaaa  of  tbs  atiffanad  panel.  Tba  stress  can  further  ba  raised 
to  O'  (undar  slaultaneous  alow  crack  growth  to  D)  before  final  failure  takas  place.  At  cr  tbs  energy 
release  rata  G  raaalna  larger  than  R  undar  constant  stress  (line  D-E).  This  caaa  was  ccns^Sared  by 
Creager  and  Lin  [14]  • 

Tba  situation  ia  acre  coapllcated  for  a  short  crack  ia  a  atiffanad  panel.  Thin  ease  ia 
depicted  in  figure  V  C.23.  Slow  stable  orack  growth  will  start  at  a  stress  G  •  The  part  OA  of  tha  curve 
Gt  is  still  straight,  since  tba  stringer  ia  remote.  This  so  an  a  that  alow  groiih  coanancas  at  tha  aajaa 
stress  <7.  as  in  tha  unatiffanad  panel.  At  tba  stress  Cf  unstable  crack  growth  occurs,  since  tba  line 
G^u  is  tangent  to  tba  R-curra  in  point  B.  Tha  part  OB°of  tha  curve  G  is  also  straight  and  bancs 
unstable  crack  growth  occurs  at  the  aaas  stress  <7*  aa  in  tba  unatiffanad  panel.  In  caaa  of  tha  atiffen- 
ad  paaal,  however,  erae^  arrest  will  occur  at  C,  “since  tbs  G  curve  bends  downward  in  tha  vicinity  of  tba 
stringer  and  dips  undar  tha  R  curve  again.  Further  slow  crack  growth  to  D  occurs  If  tba  stress  la  raised 
to  <7^  and  finally  at  <7  final  fraotura  will  occur  since  tha  G  curve  is  tangent  to  tha  R-curve  In  E  and  0 
resales  larger  than  R  at  constant  stress. 

Tha  foregoing  discussion  has  considered  only  tha  criterion  for  akin  crack  preparation.  Apart 
froa  thia  tha  criteria  for  stringer  failure  and  fastener  fai.ure  would  have  to  ba  considered  also.  The 
latter  criteria  are  atill  given  by  eqe.  (10)  and  (ll).  The  G-curvea  follow  isnediately  froa  tb m  C„  values 
calculated  with  the  procedures  discussed  in  this  chapter.  Consequently,  incorporation  of  the  H-curve  in 
tha  residual  strength  calculation  of  atiffanad  panels  does  not  present  essential  difficultiea  and  as  soon 
as  tha  R-curve  concept  will  ba  properly  established  it  can  easily  ba  used  in  design.  It  haa  to  oe  noted, 
however ,  that  it  haa  been  tacitly  assumed  in  this  discussion  that  tba  R-curva  of  the  unatiffanad  penal  and 
of  tba  akin  of  a  stiffened  panel  are  tba  aaas.  An  objection  against  thia  aasunptlon  is  that  tba  R  curve 
Bay  ha  history  dependant,  sines  it  ia  a  saaaure  for  plaatio  energy  consumption  (chapter  V  .B.2)* 
consequently  tbs  H  curve  of  a  atiffaaad  akin  and  an  unatiffanad  ahaat  nay  ba  different  in  view  of  tbs 
different  stress  history  during  crank  propagation. 

Finally,  emphasis  is  placed  on  tha  fact  that  it  ia  insufficient  to  consider  only  cracks  that 
extend  until  a  stiffaasr.  Shorter  erreka  have  to  ha  considered  also  in  order  to  analyse  tba  possibilities 
of  sreok  arrest.  It  aay  ba  elear  that  for  other  siaaa  of  tha  initial  craok  similar  diagrams  aa  figure 
v C.25  oaa  bo  drawn.  Tba  a aaa  R-curva  should  ba  used,  hut  it  baa  to  ha  displaced  to  tba  tip  of  tba 
(at bar)  initial  crack. 

v  'C.1.8 

A  few  other  aathods  have  bean  propoood  for  the  residual  strength  analysis  of  atiffanad  panels 
with  cracks.  Firstly,  there  ia  tha  finite  width  ooaoapt  as  proposed  by  Crichlow  [12,15]  which  ia  a  very 
simple  and  approxim-te  engineering  Bet  bod  far  tba  unatiffanad  panel.  Cricblow  assume  tba  simplified 
stress  distribution  shown  in  figure  "  C.26.  Froa  the  equilibrium  condition  it  follows 

(Ctip  -°noJ  (W) 

w  is  called  tba  effective  width  and  is  considered  a  naterial  constant.  Fracture  is  aeeuned  to  occur  whan 

07, .  equals  tha  ultimate  tensile  stress  of  tha  sate rial <7  ,  hence 
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FIG.  VC  26  EFFECTIVE  WIDTH  CONCEPT  OF  CRICHLOW  £15  ,  16^] 
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FIG.  VC  V  CRACK  OPENING  DISPLACEMENT  MODELS  FOR  RESIDUAL  STRENGTH  TESTS  OF 
UNREINFORCED  AND  REINFORCED  PANELS  £l/J. 


FIG.  V  C  28  8ASIC  RESIDUAL  STRENGTH  DIAGRAM  OF  ONE-FACE- CRACKED  SANDWICH  PANEL. 


The  effsotive  width  hu  to  be  determined  from  experiments 


In  csae  there  is  a  stringer  at  the  oriole  tip  *q  (19)  is  modified  intoi 

K  -  °'o.)(V +  PA) » W  (21) 

where  A  is  the  stringer  sectional  ares,  p  is  a  faotor  accounting  for  stringer  eooentrioity  and  B  is  skin 
thickness.  Tbs  fracture  stress  is 


^os-Cu - 4-  <22> 

1  +  w^+pA/B 

A  similar  analysis  was  proposed  by  Troughton  and  KoStay  [16]  .  Criohlow  tested  stiffened 
panels  and  showed  that  the  residual  strength  can  be  reasonably  predicted  if  the  oraok  extends  to  the 
stringer.  In  ease  of  smaller  cracks  eq  (20)  would  have  to  be  used  and  oraok  arrest  at  the  stringer  would 
then  be  deterained  by  eq  (22)t  since  GV  >  <7  « 

CM  O 

Criohlow’ s  method  is  useful  to  obtain  a  quick  appraisal  of  the  residual  strength  of  a  stiffen¬ 
ed  panel.  If  X  for  the  skin  is  known,  one  a an  oaloulate  w  for  a  oraok  equal  to  the  stringer  spacing 
(2a  .  S)  from  “  • 


<r 

0  i?2 

(23) 

with  sq  (20) 

°o  "  ^u  <15^ 

leading  to 

(24) 

•  1 

and  then  oaloulate  the  residual  strength  of  the  stiffened  panel  with  eq  (22).  Of  course,  the  more 
sophisticated  analysis  presented  in  the  previous  sections  will  be  required  to  obtain  a  good  impression  of 
the  residual  strength  behaviour  and  of  the  possibilities  for  oraok  arrest. 

Another  skin  oraok  criterion  was  proposed  by  Liu  and  Ekvall  [17]  .  They  use  the  oritioal  oraok 
tip  opening  (COD)  as  a  criterion  for  oraok  extension  (see  also  chapter  v .B.3).  The  oraok  tip  opening 
displace  sent  6  can  be  given  as  (chapter  V .B.3) 

*>  -  (25) 

y* 

When  the  oraok  tip  is  under  a  stringer,  the  oraok  tip  opening  will  be  suppressed  due  to  the  extra  stiff¬ 
ness  of  the  stringer.  Therefore  the  oraok  can  continue  to  grow  until  6  has  reached  the  oritioal  value  6 
equivalent  to  that  for  an  unstiffened  panel  (see  figure  V C.27).  The  situation  will  be  governed  by  the  0 
deflection  of  the  stringer  between  the  two  nearest  rivets  and  therefore  skin  oraok  propagation  will  depend 
upon  the  elastio-plastlo  properties  of  the  stringer  notarial.  This  analysis  method  has  not  yet  been 
developed  to  a  quantitative  prediction  procedure,  but  a  further  development  oertainly  seems  worthwhile. 

v.c.i.9  amhtlnh  until 

An  analysis  of  the  residual  strength  of  cracked  sandwich  panels  was  made  by  Barts Ids  and 
van  der  Veer  [l8j  .  For  the  ooaputation  of  elastio  energy  release  rates  in  sandwich  panels  the  face  sheets 
were  represented  by  linear  strain,  triangular  elements,  while  the  core  layer  was  modelled  by  means  of 
quadratic  shear  strain  elements.  Only  sandwioh  panels  of  a  basioally  symmetric  structure  were  analysed. 

The  in-plane  stiffness  of  the  panel  was  described  by  mans  of  TRDC6-elements.  The  bending  and  shear  stiff¬ 
ness  of  the  panel  were  modelled  by  mans  of  a  sandwioh  bending  element,  denoted  as  TBIB621  [19]  . 

*  PwtrtUr  arirtrt  aatfAmrattM 

The  uniformly  loaded  sandwioh  pane,  containing  one  oentrally  oraok* 1  face  sheet  was  treated 
in  two  conditional 

a)  Loaded  edges  simply  supported,  longitudinal  edges  free, 

b)  All  edges  sisply  supported. 

The  face  shssts  of  ths  penal  were  treated  as  isotropic  mnbranss.  The  oore  layer  was  considered  to  have 
orthotropio  shear  stiffness  properties  as  is  typioally  true  for  honeycomb  oore  materials.  In-plane  stiff- 
mss  of  ths  oore  layer  was  negleoted. 

In  table  1  ths  energy  release  rate  (note  that  ths  stress  intensity  factor  follows  from  X2  « 

OB)  of  ths  orsoked  sandwioh  panel,  0  ,  is  oompared  with  results  obtained  for  s  mnbrane  under  ths  asm 
loading  oonditloma,  0  ,  for  two  different  values  of  ths  stiffnsss  per am  ter  r.  Thin  non-dimensional  para¬ 
meter  relates  ths  shear  stiffness  and  ths  bending  stiffness  of  ths  sandwioh  panel  in  the  following  manner 
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In  thia  relation  laalVirt  Toung'  s  modulus  and  Poisson1!  ratio,  respectively,  of  tbs  f«os  shoot  notarial, 
B  sad  o  art  tbs  foot  layer  and  oort  layer  tbletaMsasa  sad  b  Is  tbs  psasl  half-width,  n  Is  tbs  go  nitric 
iaa  of  tbs  ooro  absar  moduli,  u,  tad  u,  for  tbs  two  principal  diroot  Ions  of  oort  orthotropy  (ribbon 
direction  sad  1  litoral  direction  la  oass  of  a  honeycomb  aatorlal).  Usually  tbs  ooro  satsrlal  will  bs 
or  its  tod  with  the  ssfinwi  absar  stlffasss  direction  parallel  to  the  loading  direction.  Connotations  for 
dlffersat  ooro  orientations,  that  is  for  different  ralnos  of  tbs  ratio  (a./is.  but  for  a  fixed  wait*  of 
u  m\fS^Of  revealed  a  nsgUglbla  influence  on  ths  energy  reloai  rats  ii  tbs  sltastlons  studied. 

Table  1  Israeli atd  aaargjr  release  rate  for  oeutrally  cr ached  aaadwloh  panel, 


0^  •  energy  release  rate  for  saedwlch  panel 


0B  •  energy  release  rets  for  uastlffened  peael 


Crack  acpaot 
ratio,  r, 

— 

loaded  sdgss  supported 

All  edgee  supported 

r  •  4 

r  .  20 

r  ■  4 

r  .  20 

.03 

.98 

.95 

.96 

.95 

.09 

.94 

.86 

.94 

.85 

.16 

.90 

.79 

.87 

.77 

.22 

.85 

.74 

.61 

.70 

.28 

.82 

.71 

.75 

.65 

.34 

.79 

.68 

.69 

.60 

.41 

.76 

.66 

.63 

.55 

.47 

.74 

.64 

.57 

.49 

Pros  table  1  It  is  evident  that  the  ooro  layer  considerably  reduces  tbs  elastic  energy  release  rate  during 
crank  Propagation  particularly  in  oai  of  the  largest  r-mlu*  (r  -  20).  This  situation  eorreeponds  to  a 
relatively  stiff  ooro  and  is  acre  representative  of  actual  aandwloh  oonatruotioo  then  tbs  weak  oore  version 
(r  •  4).  The  test  data  of  Saith,  Porter  and  Engstrom  [20]  on  sanibdob  panels  with  varying  oore  thicknesses 
ooufirs  this  effect  of  oore  stiffness.  They  observed  a  decreasing  stress  Intensity  factor  with  dsorsasing 
core  thickness. 


k  g.n—lrla  tdit  nraalt  MaEUnramn 

A  ainilar  it  of  computations  was  per  fond  for  a  aandwloh  panel  In  wbiob  one  of  tbs  faoe 
sheets  contains  two  sywnetrio  edge  cracks.  A  ocuparlson  of  energy  release  rates  In  tbs  aandwloh  panel  and 
in  an  equivalent  embrace  la  ssda  In  table  2. 


Table  2  normalised  energy  release  rate  for  edga-oraoked  aandwloh  penal, 

Creek  aspeot 

Loaded  sdgss  supported 

All  edges  supported 

ratio,  q 

r  -  4 

r  .  20 

r  -  4 

T  »  20 

.03 

.88 

VI 

.85 

.09 

.76 

.66 

.16 

.69 

.53 

.22 

.66 

45 

.28 

.64 

.57 

40 

.34 

'  1H 

.63 

.51 

.36 

.41 

.63 

47 

.33 

.47 

.73 

.63 

43 

.31 

Tbs  decreasing  energy  release  rate  with  Increasing  oore  stiffness,  that  ie  with  Increasing  r-value,  la 
obvious,  although  tbs  reduction  due  to  oore  support  is,  in  general,  sore  pronounced  compared  with  tbs 
osntrally-orsoksd  configuration.  It  nuat  bs  noted  that  an  edge-oraeked  neidraae  exhibits  a  larger  energy 
release  rate  than  a  oeatrally  oracked  sheet  for  tbs  sans  value  of  tbs  crack  aspeot  ratio,  this  observation 
suggest*  that  the  affect  of  ooro  support  should  bs  note  pronounced  in  tbs  edge  crashed  aandwloh  penal. 
Further,  tbs  pronounced  banefiolal  effect  of  supporting  tbs  unloaded  sdgss  la  comparison  with  tbs  osatrally- 
or ached  oonfigoratloo  esa  be  attributed  to  restricted  psasl  banding.  It  is  noted  that  cylindrical  banding 
of  a  aandwloh  panel  la  possible  without  slgnlf icaat  core  absar  deformations. 

Whan  c  cued  daring  the  reeldaal  strength  ef  tbs  aandwloh  panel  «ns  son  determine  tbs  stress 
Intensity  footer  from 

*,  .a/rrltM  b(t,,r)  (27) 

where  tbs  reduction  factor  b  <  1  ie  a  funotien  of  crack  aspect  ratio  sad  ef  tbs  stiffness  psraaster  r, 
defined  in  aquation  (2d),  misting  oore  shear  stiffness  and  extensions)  stiffness  of  ths  face  sheets. 

Failure  oea  be  essunad  to  occur  when  K  reaebea  Jt_  of  the  sheet  notarial.  When  only  one  faoe  of  the  eaad- 
wioh  ecntalns  a  orach,  than  only  thia  race  will  fCl  completely  when  I  -  K  and  ths  other  rsaslas  latest. 
When  bending  effecte  are  disregarded  ths  rtsldual  strength  will  still  be  equal  to  half  tbs  strength  of  tbs 
uncracksd  panel  (sea  figure  VO. 28),  Of  oourae  tbs  situation  will  bs  largely  different  with  two  fanes 
cracked  (baa  to  bs  analysed). 


V  .0.1.10  APPENDIX  Calculation  of  fsatsnsr  forces 
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The  analytical  procedure  to  determine  the  faetener  foroee  in  a  cracked  stiffened  panel  ia 
baeed  on  the  condition  of  equal  displacements  of  the  fastener  points  in  sheet  and  stringer.  The  y- 
direotion  displacements  in  the  oraoked  sheet  and  in  the  stringer  due  to  the  end  loads  and  the  fastener 
feroes  can  be  obtained  by  using  the  expressions  derived  by  Roaualdi,  Frasier  and  Irvin  [9]  •  This 
appendix  oonsiders  the  simple  oases  of  a  crick  in  a  bay  between  two  stringers,  and  of  a  crock  across  a 
oentral  stiffener.  These  basio  oases  serve  as  a  general  outline  of  the  procedure,  which  can  equally  well 
be  applied  to  more  complicated  geometries. 

&  Crack  extending  between  two  stiffeners  (Fie.  V  C.29) 


The  stiffened  structure  is  split  up  into  its  composite  parts  as  depicted  in  the  upper  line  of 
figure  V  C.29.  The  displace  sent  in  the  oraoked  eheet  (v  ,)  is  ooapoeed  of  the  eeparate  components  indicat¬ 
ed  in  the  eeoond  line  of  figure  V  C.29  tv^,  vfc  end  v  displacement  of  the  point  (e,y0)  of  the 

oraoked  eheet  due  to  the  uniaxial  stress  C  (sketrh  a;  can  be  obtained  using  a  procedure  suggested  by 
Westergaard  [21]  < 
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The  displacement  of  tbs  point  (e,y  )  of  the  eheet  due  to  the  two  pairs  opposing  fastener  foroee  (ekmtoh  b) 
is  obtained  ar  follows.  The  displacement  in  y-dlreotion  of  a  point  (x,y)  due  to  one  pair  of  forces  is 
given  by  Love  .0]  am  (mme  ekmtoh  d)< 
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where  Vie  Poisson's  ratio  and  B,  is  the  eheet  thiekneee. 

Equation  (29)  oannot  be  used  in  1ite  present  form  to  ealeulate  the  diapleoement  in  (0,y  )  beoauee  of  the 
logarithaio  infinity  of  displacement  in  this  point  (r,  •  0).  To  avoid  this  singularity  the  force  F  is 
regarded  to  be  uniformly  distributed  meroms  the  rivet 1diaaeter  d.  With  this  assumption  and  negleoting 


(d/  r  in  oomparison  to  unity  one  obtains  for  the  displacement  in  (0,y  )  the  expression 
yo  0 
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(30) 


In  oase  of  sketch  b  the  displacement  of  the  point  (s,y )  must  be  found  for  two  pairs  of  foroee*  One  pair 
ie  located  at  the  point  in  question  and  onuses  a  displacement  as  given  by  equation  (30).  The  other  pair, 
located  e  distance  x  •  2a  from  the  point,  eauses  displacement  components  as  given  by  equation  (29)  in  which 
r^  «  2s  and  r2  -\/(4sz  +  4y  z ) .  Consequently,  the  total  dimplaoement  1st 
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The  displacement  of  the  point  (a,y  )  due  to  stress  distribution  p(x)  along  the  slit  segment  from  x  -  a  to 
x  »  -a  is  obtained  as  follows.  The “normal  stress  c r  at  any  point  x  along  the  oraok  due  to  a  pair  of 
foroem  is  according  to  Love  [8]  ,  (see  sketch  d)  y 
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In  oase  of  sketoh  0  the  distribution  of  the  stresses  along  the  x-axis  produced  by  two  pairs  of  foroee  can 
be  derived  from  expression  (32)  with  the  substitution  of  (x-s)  and  (x+e)  respectively  for  x.  This  will 
yield 
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In  detsrmining  the  displacement  due  to  the  stress  distribution  p(x)  in  skstoh  0  tbs  actual  stresses  elong 
the  oraok  are  replaced  (for  simplicity)  by  a  uniform  stream  distribution  equal  to  the  average  of  p(x) 
between  the  ends  of  tbs  oraok.  The  average  stress  p  along  the  oraok  is  given  by 


p(x)  dx 


(34) 


After  integration  it  follow*  that 
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The  dieplaoeaent  of  the  point  (»,y  )  due  to  p  follows  fro*  the  Keetergaard  solution  for  a  oraok  containing 
internal  (negative)  pressur*  [21]  .  Its  aagnitude  is  givsn  by 
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The  displacement  in  the  stiffener  is  ooapoeed  of  the  displaoessnt  due  to  the  forces  F  and  that  du*  the 
stresses  C  .  The  dieplaoeaent  due  to  a  pair  of  forces  of  a  point  of  tha  stiffener  of  width  w  is  approached 
as  follows*  In  a  relatively  narrow  sheet  the  dieplaoeaent  of  the  point  of  force  application  cannot  be 
properly  represented  by  equation  (30),  since  the  boundary  conditions  are  not  satisfied.  To  account  for  the 
finite  width  of  the  stiffener  Roaualdi  proposed  to  repeat  the  pair  of  forces  at  intervals  w  as  shown  in 
sketch  «.  The  displacement  is  then  expressed  by  a  eoabinatlon  of  equation  (30)  and  a  series  of  expressions 
of  the  fora  of  equation  (29),  one  for  eaoh  pair  of  forces.  The  only  other  extension  in  the  stiffener  to  be 
considered  is  that  due  to  the  unifora  stress  CT .  The  total  displaoeaent  of  point  (0,y_)  in  the  stiffener 
is  then 
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where  B2  is  the  stringer  thickness. 

t  Crack  extending  serose  a  stiffener  (fix.  V  C.30) 

Referring  to  figure  V  C.29,  eke t oh  a,  the  dieplaoeaent  of  the  point  (0,y  )  in  the  oraoked 
sheet  du*  to  a  uniaxial  stress  CT  oan  be  derived  fros  equation  (28)  by  substituting  ° 
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This  will  result  in  a  displaoeaent 
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The  dieplaoeaent  of  the  point  (0,y  )  in  the  sheet  due  to  opposing  rivet  forces  located  at  (0,y  )  and 
(0,-y  )  (Fig.  V  C.30)  is  given  by  equation  (30).  Tha  displaoeaent  in  tha  oraoked  sheet  duo  to  the  stress 
distribution  p(x)  along  the  oraok  is  derived  in  a  slailar  way  as  under  case  a.  Using  equation  (32)  in  this 
oas*,p  will  be  “ 
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The  displace  aunt  due  to  p  follows  froa  keetergaard  [2l]  i 
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The  displaoeaent  in  the  stiffener  das  to  forces  F  and  stresses  a  has  boon  dsrived  as  under  case  a  and  is 
given  by  equation  (37). 

Under  a  and  b  an  outline  of  the  procedure  for  the  calculation  of  the  displao* wants  in  sheet 
and  stringer  due  to  end-loads  and  fastener  forces  was  given.  For  the  sale*  of  siaplioity  in  the  derivation 
of  the  equations  only  on*  fastener  at  either  side  of  tha  oraok  was  asaunad  to  be  active.  However,  the  sum 
procedure  oan  be  used  when  nor*  rivet*  are  active.  By  equating  the  displace wants  in  corresponding  points 
of  ahset  and  stringer  tbs  oospatibility  condition  yields 
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(41) 


Using  tbs  equations  derived  under  a  and  b,  after  com  arranging  of  terms,  the  following  equation  arises 
for  fastsnsr  location  y^  (in  oass  of  n  active  fasteners  at  either  side  of  the  oraok) 

*11  P1  +  ai2  P2  *  *  *  *  *  *ii  Pi  +  *  *  *  *  *in  Pn  “  \C  (42> 

where  the  ooeffioients  a.,  are  funetions  of  tbs  panel  oharaoterlsties  (material,  diaansions)  and  of  the 
oraok  length,  Writing  down  these  squat ions  for  all  n  fastener  locations  will  deliver  a  set  of  a  indepen¬ 
dent  equations  of  the  shape  of  equation  (42).  Thus 
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Or  in  aatrix  notation 
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or,  in  contrasted  aatrix  notation 
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Solving  this  equation  will  yield  the  n  unknown  fastener  loads,  .....  F^. 

In  oase  of  a  panel  configuration  with  three  stiffeners  (each  attached  with  n  fasteners)  and  a  sywMtrio 
oraok  under  the  oentral  stiffener,  the  ssm  prooedure  as  outlined  above  oaa  be  used  in  deterainlng  the 
fastener  foroes  by  a  coabinatioa  of  the  equations  derived  under  a  and  b.  In  that  oaae  (due  to  sysMtry)  a 
set  of  2n  independent  equations  for  the  calculation  of  the  2n  unknown  fastener  foroes  will  arise.  When  la 
this  oase  the  oentral  stiffener  is  broken  the  displace sent  of  the  fastener  closest  to  the  oraok  of  this 
stiffener  is  determined  solely  by  the  stiffness  of  the  sheet  and  therefore  in  that  case  from  equal 
displaoeaents  in  sheet  and  stringer  a  set  of  (2n  -  1)  equations  will  arise.  Tbs  missing  equation  will  be 
delivered  by  equilibrium  of  the  oentral  stiffenert 
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where  A  is  the  cross-sectional  area  of  the  stiffener. 

V.C.1.11  APPENDIX  Finite  element  lysis  of  pranked  panels  by  0.  Bartslds. 
a  fatryflacUm 

Application  of  finite  element  Mthods  to  linear  fracture  mechanics  problems  have  been  direct¬ 
ed,  in  general,  towards  the  determination  of  the  elastic  oraok  tip  stress  into  unity  factor,  X.  Basically, 
two  different  approaches  are  used,  vis. 

a)  The  divot  Mthod  by  which  the  value  of  the  stress  intensity  f motor  is  derived  from  finite 
eleMnt  results  for  the  stress  and  deformation  distributions  near  the  oraok  tip. 

b)  The  indirect  Mthod  by  whioh  the  value  of  the  stress  intensity  f motor  is  derived  from  the 
energy  release  rate  oosputed  by  repeated  application  of  the  finite  element  Mthod  to 
different  oraok  length  configurations. 

Som  of  the  earlier  applications  of  the  direct  Mthod  [22,23]  utilised  the  familiar  constant  strain  or 
linear  strain  finite  element.  Obviously,  the  strain  field  singularity  at  the  oraok  tip  oan  not  be  re- 
presented  in  this  osm  and  Msh  refinement  and  averaging  procedures  have  to  be  used  in  order  to  extract  an 
approximate  K-value. 

An  improved  aoouraoy  was  achieved  by  incorporating  a  stress  or  strain  singularity  by  means  of 
speoial  finite  eleMnts  [24,25,26]  with  the  added  advantage  of  a  considerable  reduction  in  the  number  of 
variables  UMd. 

In  tbs  indirect  Mthod  [22,27]  an  approximate  K-value  is  derived  from  the  elastic  energy 
release  rate.  This  ispllee  that  in  order  to  establish  om  K-value  two  energy  c Mentations  must  he  carried 
out,  for  two  lengths  of  oraok  slightly  deviating  from  the  partiouler  oraok  slse  under  consideration. 
Experience  hae  shown,  that  there  is  no  need  to  use  e  particularly  fins  Msh.  Besides,  the  two  computations 
oaa  b#  organised  in  snob  a  amnner  that  the  oomputer  tiM  used,  is  only  slightly  mere  than  tbs  41m  needed 
for  om  energy  ooaputstloa. 

If  s  fr  nature  nsohanios  problem  associated  with  ose  particular  oraok  configuration  is  to  ha 
studied,  tbs  direct  Mthod  nay  be  preferred,  provided  one  bee  the  necessary  oeaputer  software  (i.e.  speoial 
finite  olenent  procedures)  available.  However,  for  an  analysis  of  the  lafluanoe  of  crank  length  on 
structural  behaviour  the  indireot  Mthod  is  preferable. 
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FIG.  VC  30  CALCULATION  OF  FASTENED  FORCES  FOR  A  CRACK  ACROSS  A  STIFFENER 
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FIG.  V  C  31  CRACK  CLOSURE  BV  NODAL  POINT  FIXATION. 
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for  a  oo^utation  of  the  energy  levels,  associated  Kith  different  crack  lengths,  la  a 
•tractor*  titular  a  (Iran  loading  condition  the  finite  element  displacement  method  la  aztraaal y  Mali  aultad. 

la  tha  dlaplaoaaant  aatbod  tha  total  potential  energy  functional  expressed  la  taraa  of  a 
vaotor i  a,  of  unknown  displacements, 

0  -  V  •  2  uKo  -  up  (47) 

la  alnlaliad  with  raapaot  to  tha  vaotor  u.  Tba  prooadura  laada  to  a  aat  of  generalised  equilibrium 
aquatlona  of  tba  fora 


Xu  .  p  (48) 

that  can  ba  rapidly  solved  tqr  aaana  of  afflolant  oonputar  program* .  la  aquation  (48)  tha  matrix  X  multi¬ 
plying  tha  dliplaeaaanta  u  la  oallad  tba  atlffnaaa  matrix  whlla  p  la  a  vaotor  of  ganaralltad  loada.  Tha 
adjaotlva  ganaralliad  la  uaad  to  oovar  tha  eaaa  whara  tha  dlaplacamant  vaotor  doaa  not  oontain  dlaplaco- 
nant  oomponanta  axclualvaly  but  alao  Inoludaa  rotation],  curvaturaa  or  othar  "ganaralltad  diaplacamanta". 
la  that  eaaa  tha  local  vaotor  p  contalna  force*,  mooanta  and  othar  "ganaralliad  loada". 

Cbvloualy  tha  aolutlon 

3.x-1; 

oan  ba  uaad  dlractly,  togathar  with  tha  load  vaotor  p,  to  oooputa  tba  energy  functional 

P.!(jlfi*J)  ■  -  j  up 

If  thla  prooadura  la  axaoutad  twloa  tor  two  neighbouring  valuaa  of  tha  oraok  length  a,  and  a,,  tha 
difference  in  energy  lav* la  la 

dU  .  U^)  -  U(a2)  -  -  ^[ufhj)  -  utsj)]  p  (51) 

flirt  bar,  tba  dlffarantlal  quotient 

an. .1  !hLz!l^lz 

ha  2  tj-tj 

la  a  firat  approximation  to  tha  energy  relaaaa  rata  c>U/da  for  a  oraok  length  a  •  (a^  ♦  a^)/2. 

Tha  extraction  of  a  solution  from  a  large  aat  of  aquations  la  a  formidable  computational  teak 
even  in  oaaa  of  a  well-conditioned,  poaltlve-dafinite  aystea.  A  considerable  savings  In  computer  time  can 
be  achieved,  however,  If  the  energy  release  ooaputation  la  axaoutad  In  the  aannar  of  l  oraok  oloeure 
ooaputatlon.  In  faot,  tbs  only  difference*  between  the  consecutive  configurations  uses  in  an  energy  relaaaa 
ooaputation  are  associated  with  tha  'voundary  oonditlon  at  tha  oraok  surfaoa.  Aa  Indicated  in  figure  VC. 31 
a  reduction  of  the  oraok  length, a,  Oj  an  amount  ha  ■  a.  -  a,  only  involves  tha  aasignaant  of  a  prescribed 
value  to  the  vertloal  displace nant  components  at  node*  situated  "along  ha".  In  the  particular  example  shown, 
this  simply  amounts  to  setting  the  v^-dlarp lac* sent*  of  two  nodes  equal  to  aoro. 


This  situation  suggest*  a  partitioning  of  tha  vsotsr  u,  sad  of  the  vector  p  and  tha  aatrlx  X,  * 

in  such  a  manner  that  all  degrees  of  freedom  affected  by_oraok  oloeure  are  grouped  together  in  a  vaotor 
Sj  while  tha  remaining  dieplaoe manta  are  aasamblad  into  u^.  Obvicualy,  tha  alia  of  uL,  ia  only  a  small  ' 

fraction  of  the  also  of  tba  eomplata  vaotor  u.  A  straight-forward  elimination  of  ^ 
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than  laada  to  a  reduced  aystea  of  equations 

*22*2  ’  p2  ^ 

whara  K^2  •  XJ2  -  and  P^  •  P2  ”  *21*11  ooq^utar  time  involved  in  this  elimination  la 

eommrsble  to  tha  time  required  for  ooa  solution  of  tha  ooaplete  system. 

Tha  situation  whereby  none  of  the  oomponanta  of  u,  la  prescribed  now  corresponds  to  the 
largest  oraok  length.  Tha  oraok  la  elosad  ia  a  atepwiae  fashion  by  consecutively  setting  oomponanta  of  u- 
equal  to  aero.  Tha  associated  aolutio*  of  tha  reduced  aystea  of  equatioo  (53)  * 

VV  •  |  *22  (*i>|  (54) 

oast  ba  obtained  far  means  of  a  fast  in-core  equat lon-so lver  algorithm.  t>f  urns  af  aquation  (52)  it  follows 
from  aquation  (50)  that 


(49) 

(50) 


-  \  <Vi  ♦  \  52)  -  -  \  Vn  pi  - 


0 


2V!  •  ¥ihl  h 


(55) 


•bar*  U*  la  an  taar or  quantity  aaaoeittad  with  ♦ha  reduced  aystaa  of  aquation  (32). 

According  to  aquation  (55)  It  diffara  fro*  U  Igr  i  conataat  amount.  Hanca,  th*  energy  ralaaaa  rata 
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la  datarainad  cowlataly  by  tha  reduced  vector*  utllltad  in  tha  finita  .lament  crack  cloaura  computation. 
Thua,  a  aat  of  dlacrata  value*  of  tha  energy  ralaaaa  rata  can  easily  ha  obtainad  by  naana  of  a  siapl* 
addition  to  a  atandard  linaar  ayataa  solution  procedure. 


REFERENCES 

1.  Vllagvr,  B.  Raaidual  strength  of  oraokad  atiffanad  panala.  HLR  r*rnrt  S-653,  1967. 

Break  ,  D. 

2.  Vllagvr,  H.  Raaidual  strength  of  cracked  atiffanad  panels.  BLR  report  TR-71004  ( 19  fl J . 

3.  Vllagvr,  H.  Tha  raaidual  strength  oharaetarl sties  of  atiffanad  panels  containing  fatigue 

cracks.  Accepted  for  publication  in  engineering  Fracture  Mechanics. 

4.  Swift  ,  T.  Damage  tolerant  design  analysis  wet hods  and  test  verification  of  fusalaga 

Hang  ,  D.T.  structure.  Air  Force  Conf.  on  Fatigua  and  Fracture,  1969. 

AFFDUTR-70-144  (1970)  pp  653-683. 

5.  Swift  ,  T.  Devs lop want  of  tha  fail-safe  design  fsaturas  of  ths  DC-10.  A3TM  STP  486  (1971) 

pp  164-214. 

6.  Foe  ,  C.C.  Tha  affect  of  riveted  and  ualioraly  spaced  stringers  on  ths  stress  intensity 

factor  of  a  oraokad  sheet.  Air  Fore*  Conf.  on  Fatigue  and  Fracture  1969. 
AFTDL-TR-7&-144  (1970)  pp  207-216. 

7.  Po#  ,  C.C.  Fatigue  crack  propagation  in  etiffonod  panala.  AST*  STP  486  (1971)  PP  79-97. 

P.  Love  ,  A. I. a.  A  treaties  on  tha  aathonatleal  theory  of  elasticity.  How  Yo-k,  Cover, 

4th  Ed.,  1944,  p.  209. 

9.  Ronualdi.J.P.  Crack-axtaneico-foroo  near  a  riveted  stringer.  B1L  Mean  report  no.  4956.  4 1957) 

Praetor,  M. 

Irwin  ,Q.R. 

10.  Brook  ,  D.  Crack  propagation  and  residual  strength  of  full-eoalo  wing  canter  section*. 

BLR  report  TR-  3-612  (1964). 

11.  SeLlJra,  J.  Fatigue  teat*  with  random  and  prograssnd  load  ssqusncss  on  full-seal*  wing 

Brook  ,  E.  at  al  canter  sections.  BLR  report  TR-S— 61j  (1965).  Alsct  AFFDL-TR-66-143  (1966). 

12.  Crlchlow,  H.J.  The  ultiaata  strength  of  danagtd  structure.  Full-Srale  Fatigue  Tasting  of  Air¬ 

craft  Structures,  "lantana  and  Schtyra  ad.  p.  149.  Fergaaon  (1961). 

1).  Broek  ,  D.  The  affect  of  rinit*  spacinsn  width  on  tha  residual  strength  of  light  alloy 

sheet .  BLR  report  TR-M-2152  (1965). 

14.  Creager,  H.  Tha  affect  of  ralaforcananta  on  tha  alow  stable  tear  and  catastrophic  failure 

Lui  ,  A.F.  of  thin  natal  sheet.  A1AA  Paper  71-113  (1971). 

15.  Crlohlow,  H.J.  Stahl*  crack  propagation-! el 1  safe  design  criterie-anaiytical  methods  and  tast 

procedures.  AIAA  Paper  69-215  (1969)* 

16.  Troughton.A.J.  Theory  and  practice  in  fail-saf*  wing  daaign.  Currant  aeronaut ical  fatigua 

UcStay  ,  J.  problana,  pp  429-462.  Schljva,  R*sth-S*ith,  Hal bourn*  ad,  Pargaaon  (l?65). 

17.  Liu  ,  A.F.  tutorial  toughness  and  residual  strength  of  daaag*  tolerant  aircraft  structures. 

Ekvall  ,  J.C.  AST*  STP  486  (1971)  PP  9&-121. 

18.  Darts Ida  ,  0,  Elastic  energy  ralaaaa  rat*  in  cracked  sandwich  panels.  BLR-TR-72026  (1972). 

Van  dsr  Veer,  1. 

19.  Berta lie  ,  Q.  Finita  alanant  analysis  of  sandwich  panel*.  Proe.  IOTA*  Syep.  on  "High  Speed 

Van  dar  V**r,  I.  Confuting  o'  Elastic  Structures'',  Liiga,  1970. 

20.  Sad th  ,  S.H.  Fatigue  crack  propagation  behaviour  and  residual  strength  of  bonded  atrap  re¬ 
porter  ,  T.R.  inforoad,  laaallatad  and  sandwich  panels.  Air  Force  Conf.  on  Fatigue  and 

Engatro*  ,  H.L.  Fracture,  1969.  AFFiiUTR-70-144  (1970)  pp  611-634. 

21.  Haatergaard,  H.M.  Bearing  pressure*  and  crock*.  J.Appl.Mech.,  £  (1939). 

22.  Hatwood  ,  V.B.  Th*  finite  alanant  sat hod  for  oradiotioa  of  orack  behaviour. 

Hue  1 -Eng.  and  Dasigps,  il  (19691,  PP  323-332. 

23.  Chan  ,  S.X.  On  th*  finite  alanant  nathod  in  linaar  fracture  mechanics. 

Tub*  ,  1.3.  Erg. Fr act. Bach. ,  £  (197°),  pp.  1-16. 

Hi Ison  ,  W.K. 

24.  Tracey  ,  D.  Finita  alanant*  for  determination  of  crack  tip  elastic  stress  intensity  factor*. 

Eng. Fraet .Mach.,  i  (1971),  pp  255-265. 

25.  Halah  ,  P.F.  Th*  coaputation  of  stress  intensity  factors  by  a  special  'inita  alanant 

technique.  Int.J.  of  Sol.  and  Struot.,  2.  (3971).  PP  1333-1342. 

26.  Flan  .  T.H.H.  Elastic  crack  analysis  by  a  finite  alanant  hybrid  nathod.  3rd  Conf.  on  Matrix 

Tong  ,  F.  Msth.  on  Street.  Koch.,  Dayton  (1971). 

Lnk  .  C. 

j  T.P.  Prcc.  I3D/IS3C  Synp.  on  Finite  Bl.Tachn.,  Stuttgart,  (1969). 


Dukas 


V.C.2  THE  APPLICATION  OK  FRACTURE  MECHANICS 
IN  THE  DEVELOPMENT  OT  THE  DC- 10  FUSELAGE 


"V 


::6 


T.  Swift 


Summary . 227 

Introduction  .  227 

Damage  tolerance  .  .....  .  22B 

Longitudinal  skin  cracks  ......  .  .  228 

Transverse  skin  cracks  . . 229 

Configuration  candidates  .  229 

Skin  thickn»ss  . 231 

Skin  material . 231 

Crack  stopper  straps  . 231 

Longeron  geometric  shape  .  ....  .  232 

Analysis  .  ......  .  .......  233 

Analysis  of  cracked  unstiffened  panels  .  233 

Analysis  of  cracked  stiffened  panels  .  .  233 

Analysis  results  .  .........  238 

Skin  fracture  criterion  .  .......  240 

Stiffener  strength  criteria  ...  .  ....  242 

Effect  of  attachment  stiffness  .  ....  244 

Bond  delamination  .  .....  .  248 

The  threshold  of  slow  stable  crack  growth  .  249 

Test  program  .....  .  251 

Curved  panels  .  252 

Flat  panels  with  longitudinal  cracks  .  252 

Flat  panels  with  circumferential  cracks  .  253 

Test  results . 255 

Flat  panels  with  longitudinal  cracks  .  255 

Flat  panels  with  circumferential  cracks  .  257 

Curved  panels . 268 

Unstiffened  cylinders . 268 

Rivet  shear  deflection  test  results  . . 271 

Stiffened  panels,  30  inches  wide  .  271 

Unstiffened  panels,  30  inches  wide  .  .....  274 

Rivet  shear  load  test . 274 

Correlation . 277 

Skin  criteria . 277 

Frame  criteria . 277 

Longeron  criteria  .  .....  277 

Flat  panel  versus  curved  panel  testing  .  279 

Conclusions  .  ......  281 

Longitudinal  cracks . •  281 

Circumferential  cracks  .  282 

Acknowledgment  .  282 

References . 282 

Appendix:  Format  II  Analysis . 283 


jw 


227 


' V 


V.C.2  THE  APPLICATION  OF  FRACTURE  MECHANICS  IN 
THE  DEVELOPMENT  OF  THE  DC-10  FUSELAGE 


T.  Swift 


I 


SUMMARY 

Th«  degree  of  damage  tolerance  uaed  in  the  deiign  of  the  DC- 10  fuselage  pressure  shell  is  dis¬ 
cussed  with  reasons  for  its  selection.  Analysis  methods  are  presented  for  the  prediction  of  the  residual 
strength  of  damaged,  stiffened  panels,  based  on  the  Matrix  Force  solution  of  an  idealized  structure  com¬ 
bined  with  fracture  mechanics  equations.  The  effects  of  attachment  flexibility,  which  play  an  important 
part  in  the  residual  strength  of  damaged  structure,  are  accounted  for.  Crack  growth  retardation  due  to 
the  plastic  zone  formed  on  high  load  cycles  and  its  effect  on  propagation  under  spectrum  loading  is  dis¬ 
cussed.  It  is  showr  *hat  the  stress  intensity  at  the  threshold  of  slow  stable  growth  is  not  only  a  material 
property  but  depends  almost  entirely  on  past  load  history.  A  description  of  the  development  test  pro¬ 
gram  to  verify  the  analytical  techniques  and  to  substantiate  the  fail-safe  strength  of  the  fuselage  shell  is 
given  together  with  the  results  of  many  of  the  tests. 

INTRODUCTION 

With  the  Introduction  of  the  wide-bodied  jet  transport  such  as  the  McConnell  Douglas  DC-10, 
fail-safe  design  has  become  increasingly  important,  particularly  in  the  pressurized  fuselage  shell.  The 
radial  loading  due  to  pressure  has  increased  dramatically  since  the  introduction  of  the  first  pressure 
shell  design.  This  paper  presents  some  of  the  steps  taken  during  the  development  phases  to  ensure  a 
fail-safe  fuselage  design. 

The  DC-10  aircraft  is  designed  for  a  life  of  120,  000  hours  which,  based  on  a  scatter  factor  of 
2,  represents  60,000  crack-free  hours  or  20  years  of  service  at  3000  flight  hours  per  year.  * 

A  more  realistic  review  of  damage  tolerance  was  required  in  which  areas  where  fatigue  damage 
is  more  likely  to  occur  were  considered.  Analysis  methods  which  included  the  capability  to  vary  the 
degree  of  damage  were  developed  to  determine  the  residual  strength  of  damaged,  stiffened,  structure. 

A  self-propagating  crack  can  be  arrested  in  a  region  of  low  stress  ahead  of  the  crack  tip  by  providing 
adequate  circumferential  and  longitudinal  stiffening.  The  crack-tip  stress  is  reduced  as  the  load  is 
redistributed  into  the  stiffeners.  Various  configurations  were  studied  to  produce  an  optimum  structure, 
consistent  with  economy  in  manufacturing,  which  would  not  only  provide  fail-safe  capability,  but  also 
would  improve  the  service  life  of  the  fuselage  shell. 

In  the  past,  the  fail-safe  design  of  aircraft  structures  incorporating  the  single  element  failure 
concept  has  proved  inadequate.  The  introduction  of  fracture  mechanics  into  aircraft  design  analysis 
methods  has  helped  to  overcome  this  inadequacy  to  some  extent. 

Plane  strain  fracture  mechanics  has  almost  become  a  science  with  the  introduction  of  ASTM 
standard  testing  techniques,  but  much  of  the  art  remains  with  piano  stress  fracture  of  thin  sheet  com¬ 
ponents.  This  paper  describes  some  of  the  methods  used  in  applying  linear  elastic  plane  stress  fracture 
mechanics  to  the  design  of  stiffened,  thin  sheet  fuselage  structure. 

This  paper  concentrates  on  three  areas  in  which  it  is  felt  that  significant  error  is  Introduced  by 
present  methods  of  analysis  to  predict  crack  propagation  and  residual  strength  of  cracked  stiffened 
panels: 

•  Effect  of  attachment  flexibility 

o  Threshold  of  slow  stable  crack  growth 

•  Flat  panel  versus  curved  panel  testing 

The  attachment  of  the  stiffener  to  the  sheet  and  its  flexibility  are  important  in  the  prediction  of 
stress  distributions  in  stiffened  crack  panels.  The  assumption  that  the  attachment  is  rigid  and  that  the 
strains  in  the  stiffener  and  skin  are  compatible  can  lead  to  considerable  error. 

t 

The  street  intensity  at  the  threshold  of  slow  stable  crack  growth  has  often  been  thought  of  as 
entirely  a  property  of  the  material.  It  is,  in  fact,  a  function  of  the  past  loading  history  and  the  plastic 
zone  ahead  of  the  crack  tip,  introduced  during  previous  loading  cycles.  The  results  of  crack  growth 
and  residual  strength  tests  on  flat  stiffened  panels  are  presented,  including  the  effects  of  high  load  cycles 
and  slow  stable  crack  growth.  Crack  growth  rates  da/dN  versus  the  stress  intensity  factor  range  are 
presented  for  2024-T3  clad  sheet  wide  panels  up  to  AK  values  of  160  ksi  sin.,  approaching  Kc  for  the 


A  comprehensive  test  program  was  initiated  to  verify  the  analytical  method  and  to  study  various 
configurations  and  materials.  Both  flat  and  curved  panels  were  tested  under  uniaxial  and  biaxial  loading, 
respectively.  It  was  shown  that  while  flat  panel  testing  is  in  many  ways  adequate  from  a  qualitative 
viewpoint,  certain  secondary  effects  are  present  while  others  are  neglected  which  should  be  accounted 
for  in  the  determination  of  allowable  stresses. 


DAMAGE  TOLERANCE 

The  degree  of  damage  to  be  tolerated  In  a  pressurized  fuselage  shell,  without  catastrophic 
failure,  is  not  completely  specified  in  any  of  the  requirements  of  the  regulating  agencies.  The  FAA 
requires  that  the  structure  shall  be  capable  of  sustaining  damage  amounting  to  a  single  principal  struc¬ 
tural  element  when  subjected  to  the  loading  for  the  fail-safe  conditions  listed  in  section  25.  571,  part  25, 
of  the  FeJeral  Aviation  Regulations.  However,  due  to  the  large  size  of  fuselage  skin  panels  (approxi¬ 
mately  400  by  80  inches  for  the  DC-10),  the  single  critical  element  is  normally  inurpreted  to  mean  one 
skin  panel  between  my  two  longitudinal  or  circumferential  stiffening  members.  This  one-bay  panel 
damage  has  been  adopted  by  many  de'.gners  in  the  past.  In  order  to  be  realistic,  however,  one  should 
consider  how  structural  damage  is  initiated.  Past  experience  has  shown  that  the  majority  of  damage 
incurred  in  service  is  due  to  fatigue,  although  isolated  incidents  such  as  engine  cowls  becoming  detached, 
thrown  engine  parts,  and  small  arms  fire  have  been  known  to  cause  varying  degrees  of  skin  damage  and 
should  not  be  overlooked. 

It  was  noted  previously  that  the  DC-10  is  designed  to  be  crack-free  for  60,  000  houri  (including 
scatter  ftetors),  which  represents  about  20  years  of  service.  However,  imperfections  in  manufacturing 
such  as  badly  driven  rivets  which  do  not  fill  holes  properly,  the  preloading  of  parts  due  to  mismatch, 
and  scratches  received  in  serv.ee  can  reduce  fatigue  life  and  thus  the  possibility  of  fatigue  cracks  occur¬ 
ring  cannot  be  ignored. 

Longitudinal  Skin  Cracks 

Cabin  pressurization  is  the  main  source  of  loading  causing  longitudinal  skin  cracks.  Figure  1 
shows  that  radial  loading  due  to  internal  pressure  on  the  DC-10  is  3-1/2  times  as  high  as  that  for  the 
DC-6,  which  was  the  first  pressurized  aircraft  designed  at  Douglas. 

Testing  on  basic  pressurized  fuselage  shell  structure  has  indicated  that  longitudinal  akin  cracks 
are  more  likely  to  start  in  two  critical  locations,  as  follows: 

1.  Along  the  line  of  attachments  which  attach  the  outer  fingers  of  a  longitudinal  splice  member 
to  the  skir.  as  shown  in  Figure  2:  The  radial  tension  stress  due  to  pressure  varies  across 
a  longitudinal  skin  bay  and  reaches  a  maximum  value  midway  between  frames.  Transfer 
of  load  from  the  skin  into  the  finger  doubler  causes  a  high  attachment  bearing  stress  which, 
when  combined  v-ith  the  radial  tension  stress,  may  cause  a  fatigue  crack  in  a  longitudinal 
direction.  A  large  number  of  configurations  for  the  longitudinal  splice  shown  in  Figure  2 
were  fatigue  tested.  The  configurations  wore  changed  until  all  failures  occurred  as  shown 
in  Figure  2  where  they  can  be  detected  by  visual  inspection  methods.  Fatigue  cracks 
hidden  by  splice  plates  could  propagate  a  considerable  distance  before  detection. 


FIGURE  1.  FUSELAGE  SHELL  RADIAL  LOADING  DUE  TO  NOMINAL  CABIN  PRESSURE 


shown  In  Figure  3a  is  just  at  likely  to  propagate  Into  both  adjacent  bay#  as  Into  one  bay. 
Transverse  Skin  Cracks 

Testing  under  combined  pressure  and  axial  loads  haB  Indicated  that  transverse  or  circumferen¬ 
tial  skin  cracks  occur  In  two  locations,  as  follows: 

1,  At  the  attachment  of  the  skin  to  frame  shear  clip  midway  betwt  ;n  longerons  as  shown  in 
Figure  4:  Local  bending  of  the  skin  due  to  pressure,  combined  with  axial  stress  due  to 
fuselage  bonding,  can  cause  skin  cracks  in  a  circumferential  direction, 

2,  In  the  flanges  where  they  attach  to  the  frame  as  shown  In  Figure  4;  Bending  due  to  transfer 
of  some  of  the  pressure  loading  into  the  frame  Increases  the  axial  tension  stress  in  the 
longeron  flanges  locally,  causing  fatigue  cracks.  After  failure  of  the  longerons,  the  skin 
stress  Increases  locally  (Figure  13)  causing  fatigue  cracks  in  the  skin  which  propagate  Into 
the  two  adjacent  skin  bays. 

In  view  of  the  above  facts,  It  is  evident  that  damage  extending  to  two  skin  bays  should  be  con¬ 
sidered,  Materials  and  stress  levels  are  normally  chosen  so  that  cyclic  crack  growth  rates  are  low  and 
a  propagating  crack  will  be  noticed  within  a  reasonable  inspection  period  and  before  reaching  a  critical 
length.  However,  hairline  cracks  are  extremoly  difficult  to  find  under  zero  load  conditions  and  can 
easily  escape  detection.  The  design  should,  therefore,  include  the  capability  to  arrest  a  crack  after  a 
fast  fracture  has  occurred.  The  damage  tolerance  selected  for  the  DC-10  fuselage  shell  was,  therefore, 
as  follows: 

•  Two-bay  longitudinal  crack  with  the  center  frame  intact 

•  Two-bay  circumferential  crack  with  a  center  longeron  failed 

CONFIGURATION  CANDIDATES 

The  basic  shell  configuration  selection  is  the  result  of  many  trade  studies  conducted  to  satisfy 
a  number  of  requirements  such  as  shell  general  Instability,  frame  flexibility  and  strength,  as  well  as 
fatigue  and  fall-Bufe  strength,  The  results  of  these  studies  indicated  that  the  frame  spacing  should  be 
20  Inches  and  longeron  spacing  should  vary  from  8  Inches  at  the  top  of  the  shell  to  6,  5  Inches  at  the 
bottom.  The  minimum  bending  stiffness  of  the  frame  section  was  set  from  general  instability  require¬ 
ments.  The  outer  and  inner  radii  of  the  frame  cross  section  were  set  by  airplane  performance  and 
inside  cabin  dimension  requirements,  respectively,  Although  these  basic  dimensions  were  set  for  the 
minimum  shell,  several  means  were  available  to  satisfy  the  fall-safe  requirements  to  the  damage  toler- 


ance  specified.  These  were  tha  selection  o'  (a)  skin  thicknoas,  (b)  skin  material,  (c)  whether  or  not  to 
use  crack  stoppers,  and  (d)  longeron  goomrcric  shape. 

Skin  Thickness 

The  skin  thickneso  selection  for  the  minimum  gage  portion  of  the  fuselage  is  particularly 
important  for  an  aircraft  such  as  the  DC-10.  The  surface  area  of  the  shell  is  approximately  8700' square 
feet  with  84  percent  of  this  minimum  gage.  One  gage  variation  can  thus  represent  a  weight  change  of 
approximately  950  pounds. 

The  most  predominant  loading  condition  for  the  minimum  gago  portion  of  the  shell  is  due  to 
pressurization.  The  fuselage  is  subjected  to  one  full  pressure  cycle  virtually  every  flight  and,  therefore, 
fatigue  plays  a  vital  part  in  the  selection  of  the  minimum  gage.  Hoop  tension  stresses  should  be  kept  to 
reasonably  low  limits  to  provent  failures  in  horizontal  splices  and  in  longeron-to-skin  rivet  lines.  It 
should  also  be  noted  that  local  bending  stresses  due  to  pressure,  in  areas  such  as  those  illustrated  in 
Figure  4,  increase  in  inverse  proportion  to  the  skin  thickness  squared,  Longitudinal  crack  propagation 
is  decreased  with  decreasing  hoop  tension  stress  due  to  increasing  skin  thicknoas.  Residual  strength  is 
increased  to  a  lesser  degree  as  will  be  Illustrated  later. 

Skin  Material 

The  skin  material  choice  is  perhaps  the  moat  important  factor  affecting  the  residual  strength  of 
a  damaged  fuselage  shell.  An  independent  research  and  development  (IRAD)  program  on  residual  strength 
of  stiffened  flat  wide  panels2  had  resulted  in  the  following  values  of  plane  stress  fracture  toughness  Kc 
for  four  candidate  materials:  52,700  to  63,  500  psi  yin,  for_7075-T6,  70,000  pai  yin,  for  2014-T6, 

90,000  psi  yin.  for  7075-T73  and  as  high  as  158,  000  psi  yin,  for  2024-T3,  From  a  static  strength 
standpoint,  the  ideal  choice  would  be  7075-T6,  In  the  past,  2014-T6  had  been  used  successfully  but  in 
view  of  the  increased  radial  loading  (Figure  1)  and  the  tendency  to  work  to  higher  stress  levels,  *  it  was 
considered  that  a  material  with  a  higher  fracture  toughness  would  be  more  desirable.  The  two  materials, 
7075-T73  and  2024-T3,  were  therefore  considered  as  candidates. 

Crack  Stopper  Straps 

The  use  of  crack  stopper  straps  is  an  effective  means  of  increasing  the  residual  strength  of 
damaged  panels.  An  unstable  fast  fracture  can  be  confined  to  a  local  area  by  providing  an  area  of  low 
stress  ahead  of  the  crack  tip.  The  crack  tip  stress  is  reduced  as  a  largo  part  of  the  redistributed  load 
is  transferred  into  the  strap.  The  region  of  low  stress  can  also  be  provided,  to  a  lesser  degree,  by  a 
frame  connected  to  the  skin  by  shear  clips  as  indicated  in  Figure  3.  The  latter  configuration  would  be 
desirable  from  a  cost  standpoint  if  the  required  residual  strength  could  be  attained. 

When  crack  stopper  straps  are  required,  it  hae  been  Douglas  policy  to  install  them  at  a  frame 
location,  as  Illustrated  by  Figure  5,  for  several  very  good  reasons,  Without  crack  stopper  straps,  the 
skin  stress  level  in  the  vicinity  of  the  frames  between  shear  clips  (Figure  3)  has  been  determined  both 
from  fiat  panel  and  curved  panel  pressure  tests  to  be  up  to  18  percent  higher  than  the  mid-bay  hoop 
stress.  With  crack  stopper  straps  to  provide  continuity  across  the  gap,  the  stress  level  in  this  critical 
area  is  reduced  to  15  percent  below  the  mid-bay  stress,  thus  reducing  the  possibility  of  a  fatigue  crack 
starting.  In  addition,  the  crack  stopper  strap  can  be  used  as  bending  material  to  increase  the  frame 
stiffness  and  static  strength.  Tests  have  shown  that  after  cutting  a  3-inch-long  slot  in  the  skin  over  a 
titanium  crack  stopper  strap  that  almost  14,  000  cycles  are  required  at  15,  500  psi  gross  stress  with  a 
stress  ratio  R  =  0.05  to  fail  the  strap.  During  this  number  of  cycles,  crack  propagation  was  negligible 
until  the  crack  stopper  had  failed.  Prior  to  failure  of  the  crack  stopper,  the  Increase  in  frame  stress 
due  to  the  crack  was  negligible,  thus  reducing  the  possibility  of  frame  fatigue  failure.  With  the  strap  at 
any  other  location,  the  possibility  of  starting  a  crack  in  the  skin  is  increased,  and,  once  a  crack  started, 
propagation  would  be  much  faster  and  the  possibility  of  failing  the  frame  in  fatigue  would  be  increased. 


FIGURE  5.  FRAME  CRACK  STOPPER  CONFIGURATION 
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There  la  one  advantage  in  placing  the  crack  stopper  midway  between  frames  for  cracks  which 
start  at  frames,  The  crack  would  be  confined  to  20  inches  in  length.  However,  with  this  configuration 
the  crack  is  more  likely  to  start.  If  a  mid-bay  crack  stopper  is  Installed  by  riveting,  a  crack  is  juBt  as 
likely  to  start  at  a  rivet  hole  and  propagate  both  ways.  Tests  have  shown  that  before  a  crack  propagates 
very  far,  the  crack  stopper  would  fail  in  fatlgus  due  to  the  high  load  transfer  into  the  strap.  In  highly 
loaded  aroas  the  adjacent  frames  (without  crack  stoppers)  would  be  Incapable  of  arresting  the  crack. 

The  outer  crack  stoppers  would  therefore  be  required  to  arrest  a  40-inch  crack  without  the  help  of  a 
backup  frame.  The  possibility  of  starting  a  crack  at  a  mid-boy  crack  stopper  would  be  reduced  if  the 
strap  were  bonded  to  the  skin  without  additional  rivets.  This  configuration  was  considered  for  the  DC-10 
and  abandoned  for  several  reasons.  The  candidate  material  for  crack  stoppers  was  titanium  and  bonding 
of  this  material  to  aluminum  was  not  considered  as  reliable  as  riveting.  The  bonding  could  easily 
become  delaminated  in  service,  especially  under  repeated  shear  loading  of  the  skin  panels  and  possible 
wrinkling  due  to  tension  field  action,  The  longerons,  passing  over  the  bonded-on  strap,  would  still 
require  riveting  through  the  strap.  The  bonding  is  subjected  to  delamination  locally  where  the  holes  are 
drilled  and  the  subsequent  riveting  operation  is  completed,  Delaminations  have  been  experienced  where 
bonding  is  combined  with  riveting  due  to  differences  in  the  shear  stiffness  of  the  bonding  material  and 
the  rivets.  In  addition,  moisture  seeping  into  the  rivet  holes  and  subsequently  into  the  bonded  surface 
has  been  known  to  cause  delamination  through  corrosion. 

Minimum  weight  structure  with  maximum  reliability,  consistent  with  the  damage  tolerance 
selected,  was  required,  It  should  also  be  remembered  that  fatigue  cracks,  if  they  occur  in  service, 
usually  form  after  many  years  of  service.  Techniques  used  to  prevent  rapid  fracture  should  therefore 
be  designed  to  perform  othe<*  functions,  for  maximum  economy,  and  yet  be  ready  to  stop  a  fast  fracture 
without  having  deteriorated  during  service. 

Another  reason  for  abandonment  of  the  bonding  process  and  possibly  the  most  significant  is  the 
distortion  of  the  aluminum  skin  caused  by  thermal  effects  due  to  the  difference  in  the  coefficient  of 
expansion  of  the  titanium  and  the  aluminum.  A  small  test  panel  was  fabricated  as  shown  in  Figure  6 
and  a  strap  of  0.  025-thick  titanium  was  bonded  to  it  and  cured  at  a  temperature  of  250°F  (l2t°C),  On 
cooling  to  room  temperature,  the  panel  curved  to  approximately  70-inch  radius  with  the  strap  on  the 
convex  side.  The  panel  was  rolled  to  the  correct  radius  with  the  strap  on  the  concave  side.  The  result¬ 
ing  antlclastic  curvature  due  to  residual  stresses  is  illustrated  in  Figure  6.  It  was  thought  that  this 
effect  would  be  more  severe  on  large  panels,  especially  with  longerons  and  frames  assembled  to  the 
panels.  The  resulting  quilted  appearance  of  the  shell  would  almost  certainly  be  unacceptable  to  the 
customer. 


FIGURE  6.  TEST  PANEL  DISTORTION  DUE  TO  BONDING  PROCESS 


Longeron  Geometric  Shape 

Hat-section  longerons  such  as  those  illustrated  in  Figure  3d  have  been  used  on  all  previous 
Douglas  aircraft.  However,  analysis  indicated  that  for  the  damage  tolerance  selected  for  circumferen¬ 
tial  cracks,  Tee-section  longerons  riveted  to  the  skin  with  two  rows  of  rivets  would  give  higher  allow¬ 
able  stresses.  The  Hat-section  longerons  were  desirable  from  a  cost  standpoint  because  of  the  cost  of 
the  extra  row  of  rivets  required  in  the  Tee-section  longerons.  Both  Tee-section  and  Hat-section 
longerons  were  therefore  chosen  as  candidates. 

Both  analysis  and  test  programs  were  introduced  to  study  the  configurations. 


ANALYSIS 


Analysis  of  the  candidate  configurations  for  the  damage  tolerance  selected  was  highly  desirable 
prior  to  starting  the  development  test  program.  In  early  work  at  Douglas,  3,  4,  5  parametric  lumped 
parameter  analysis  had  been  performed  on  60-inch-wide  panels  with  a  single  stiffening  element  contain¬ 
ing  a  one-bay  crack.  Although  this  analysis  proved  to  be  extremely  helpful  in  preliminary  design  work, 
further  refinements  were  required  to  answer  some  of  the  questions  listed  below  for  panels  containing 
two-bay  cracks, 

0  How  effective  was  the  frame  member  working  in  conjunction  with  a  crack  stopper  strap? 

•  How  did  the  stress  vary  across  tha  frame? 

•  What  effect  did  a  broken  longeron  have  on  the  crack  tip  stress  for  a  circumferential  crack 
and  how  did  the  stress  vary  across  the  outer  longeron  cross  section? 

In  view  of  this,  the  analysis  described  herein  was  initiated. 

Analysis  of  Cracked  Unstiffened  Panels 


The  most  generally  accepted  equation  for  the  fracture  strength  of  unstiffened  thin  panels  con¬ 
taining  a  central  crack  is  (Reference  6) 


(1) 


where: 


0  r  s  Gross  stress  at  failure 
Kc  =  Plane  stress  fracture  toughness,  psi  y/In 7" 
C  =  Width  correction  factor?  1.0  +  0.  3  (2a/W)2 
ac  =  Half  crack  longth  at  fast  fracture 
W  =  Panel  width 


For  large  panel  widths,  Eq  (1)  can  be  simplified  as  follows: 
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For  large  values  of  W  then 


W  tan 
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approaches  v/xa 


K 

Therefore,  Eq  (1)  reduces  to  a  „  =  - - —  (2) 

Analysis  of  Cracked  Stiffened  Panels 

The  effects  of  stiffeners  on  the  fracture  strength  of  stiffened  panels  can  be  determined  by  a 
Lumped  Parameter  Analysis  of  a  structure  representing  the  panel.  The  analysis  is  based  on  the  Matrix 
Force  Method  of  Structural  Analysis®'  9  and  uses  the  Fortran  Matrix  Abstraction  Technique  (FORMAT)*  ® 
to  solve  the  malric  operations.  Figures  7  and  8  show  the  idealized  structure  representing  the  stiffened 
panels  for  one-  and  two-bay  longitudinal  cracks,  respectively,  Figure  9  shows  the  idealized  model  for 
the  two-bay  circumferential  crack.  As  illustrated,  the  panels  are  divided  into  a  series  of  discrete  bars 
and  shear  panels.  The  bars  carry  axial  load  and  the  panels  carry  shear  load.  The  panels  have  the 
same  thickness  as  the  plate,  and  the  bar  areas  are  determined  from  the  dimensions  shown  in  Figuro  8 
as  follows: 


Ay  =  t  (Zj  +  Z2)/2  and  Az  =  t(Yj  +  Y2)/2 

Loads  are  applied  to  the  top  of  the  panels,  and  reactions  are  provided  at  the  bottom.  The  pro¬ 
pagating  crack  is  simulated  by  successive  disconnection  of  the  reactions  in  the  skin  at  the  horizontal 
centerline  of  the  panel  by  an  element  modification  procedure  which  is  part  of  the  computer  program. 
The  crack  tip  stress  is  defined  by  the  stress  in  the  last  bar  adjacent  to  the  simulated  crack  as  shown  in 
Figure  7.  The  stiffening  elements  are  represented  by  additional  lumped  bars  connected  to  the  main 
panel  by  a  series  of  continuous  shear  panels, 

A  typical  frame  cross  section  with  crack  stopper  strap  is  idealized  by  lumping  areas  as  shown 
in  Figure  10.  As  the  crack  propagates  in  the  skin,  the  frame  outer  cap  picks  up  load  through  the  shear 
clip-to-frame  attachment  row.  The  area  of  the  outer  cap  A0  is  therefore  calculated  so  that  its  eg  lies 
on  this  attachment  row.  Frames  without  crack  stoppers  (Figure  3)  are  idealized  by  three  lumped  bars. 
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FIGURE  7.  IL  iALIZATION  FOR  ONE-BAY  LONGITUDINAL  CRACK 


The  stress  intensity  at  the  tip  of  ■‘■»o  c  •  ck  aw1  he  net  section  stress  ahead  of  a  crack  tip  are 
reduced  when  stiffeners  are  provided.  A  the  jrack  "intends,  part  of  the  load  is  transferred  to  the  stif¬ 
feners  and  the  remaining  load  is  transferred  to  the  ski.'  ahead  of  the  cr^ck,  If  the  stiffeners  to  skin 
attachment  is  infinitely  flexible,  no  load  will  be  transletred  into  the  stiffener  and  the  panel  will  behave 
like  an  unstiffened  panel  with  no  reduction  in  crack  tip  stress  intensity,  If,  however,  the  attachment  is 
rigid,  a  large  portion  of  the  load  from  the  cracked  sheet  will  be  transferred  to  the  stiffener,  thus  reduc¬ 
ing  the  stress  ahead  of  the  crack  ip  with  a  consequent  reduction  in  the  crack  tip  stress  intensity  factor. 

It  can  be  seen  then  that  attachment  flexibility  must  be  accounted  for  if  the  proper  stress  distributions 
are  to  be  determined. 

Rivet  shear  defloction  in  aluminum  alloy  sheet  is  expressed  as: 

*  Pf 

Sb  E ~S  (3) 

Where: 

6  =  Deflection 

P  =  Applied  load 
Ea  =  Modulus  of  aluminum 
d  =  Rivet  diameter 
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and,  for  aluminum  alloy  rivets 
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where  tj  and  are  thicknesses  of  joined  sheets. 

For  the  shear  clip  to  crack  stopper  and  skin  to  crack  stopper  rivets, 


f  *  5.0  +  0.  8 


d  +  dEa 

Vrc; 


(5) 


where: 


E. 


b  =  Modulus  of  crack  stopper  material. 


These  equations  have  been  substantiated  by  test  (Figure  50),  The  thickness  of  the  idealised 
shear  panels  connecting  the  crack  stopper  to  the  skin  is  calculated  as  follows: 
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Rivet  deflection  6j 
where  n  “  number  of  rivets  between  longerons. 
Idealised  shear  panel  deflection  6 


csp 


Phc.p 

■^a 


where: 


L  b  Distance  between  longerons 
G#  a  Shear  modulus  of  aluminum 

However,  6R  ■  6Cipi  and  equating  deflections  and  solving  for  tc#ps 
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(6) 


The  shear  clip  Is  Idealised  in  a  similar  manner  Including  both  rows  of  rivets  and  the  sheet 
metal  clip, 

For  longitudinal  bars  located  at  longeron  positions,  the  longeron  area  Is  included  with  the  skin 
area  in  the  plane  of  the  sheet,  Longerons  in  panels  containing  circumferential  cracks  are  Idealised  into 
two  lumped  bars  connected  to  the  skin  by  a  continuous  shear  panel.  The  thickneee  of  the  panel  is  deter* 
mined  uatng  an  equation  similar  to  £q  (6), 


Adhesive  bonded  joints  are  treated  in  a  similar  fashion.  Referring  to  Figures  lid,  lie  and  Ilf 
the  thickness  tap  of  the  idealized  shear  panel  of  height  h8p  is  determined  by  equating  the  bond  deflection 
5b  to  the  idealized  shear  panel  deflection  5  sp 


where 


WbGb 


=  bond  width 
=  bond  thickness 

=  shear  modulus  of  adhesive  bond  material 
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FIGURE  11.  ATTACHMENT  IDEALIZATION 
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The  height  hgp  would  normally  equal  the  bond  thickness  tj,-  However,  if  a  parametric  study  is 
required,  it  is  often  aavantageous  to  obtain  a  unit  solution  with  shear  panel  height  constant  and  then 
modify  the  shear  panel  stiffness  by  changing  its  thickness  using  the  element  modification  procedure  out¬ 
lined  in  the  Appendix,  In  this  way,  any  combination  of  crack  length  and  stiffness  up  to  a  total  of  twelve 
can  be  made  in  one  computer  run. 

The  effoct  of  stiffeners  on  the  crack  tip  stress  is  determined  by  analyzing  both  unstiffened  and 
stiffened  panels  having  the  same  grid  size  and  taking  ratios  between  the  crack  tip  stresses,  The  crack 
tip  stress  ratio,  which  Is  a  function  of  crack  length,  is  expressed  as 

(i  t  in  unetlffoned  panel 

r*  U  _ yCv  Minus.  i  i  _ 

ct  0  in  stiffened  "panel 

where  oyct  is  the  stress  in  the  y  direction  at  the  crack  Up.  Since  Eq  (1)  and  |2)  are  directly  related  to 
the  plate  net  stress  in  the  region  of  the  creep  tip,  they  can  bo  rewritten  to  include  the  effects  of  stiffening. 

The  presence  of  secondary  effects11  such  as  crack  buckling,  makes  the  determination  of  Kc  as 
a  material  parameter  extremely  difficult,  Kc  la,  therefore,  replaced  by  Kg*  which  includes  secondary 
effects,  Thus,  Eq  (1)  and  (2)  become,  for  finite  width  panels 


V  Rct 


(8) 
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and  for  infinite  panels 


K  *  R  . 
c  ct 


R 


(9) 


Kc#  determined  from  tests  on  stiffened  panels  of  one  configuration  can  be  used  to  determine  the 
fracture  strength  of  a  fuselage  shell  of  another  configuration  by  using  Eq  (9),  provided  Rct  versus  crack 
length  has  been  determined.  The  use  of  Rcj.,  determined  from  analysis  of  a  finite  panel,  can  be  justified 
for  use  in  Eq  (9)  for  an  infinite  plate  if  the  panel  is  wide  enough.  A  comparison  of  the  net  section  stress 
for  the  panel  of  Figure  7  to  Westergaard's^  equation  for  the  net  section  stress  of  an  infinitely  wide 
plate  is  shown  in  Figure  12. 
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Analysis  Result* 

Table  1  lists  some  of  the  more  important  anulysl*  cases  considered.  Cases  1  to  9  and  10  to  12 
are  for  two-bay  and  one-bay  longitudinal  crack*,  respectively,  where  the  frame  members  and  circum¬ 
ferential  crack  stopper  straps  cause  a  reduction  in  crack  tip  stress.  Cases  13  to  20  are  for  two-bay 
circumferential  cracks  with  a  broken  central  longeron  where  the  outer  longeron*  cause  a  reduction  in 
the  crack  tip  stress,  For  all  of  the  cases  listed  in  Table  1,  a  uniform  stress  level  was  applied  to  the 
upper  boundary  of  the  panels  (shown  in  Figure*  7,  8  and  9)  to  both  skin  and  stiffening  elements.  The 
results  of  the  analysts  cases  considered  are  listed  in  Tables  2,  3  and  4,  The  frame  cross  sections  for 
cases  1  to  12  and  the  Hat-sections  for  cases  13  to  18  are  similar  to  those  shown  in  Figure  5,  The  stress 
ratio  tertn*  aro  defined  belowi 


CAS#  NO. 

1 

2 


a 


4 


6 


6 


7 


8* 


8 

10 

11 

12 


13 


14 

IB 


16 

17 


18 

19 


20 


TABL8  \ 

DESCRIPTION  OP  ANALYSIS  CASES 

CRACK 

CAM  OIKMIPTION  TYPE 


P NAMES  WITHOUT  CRACK  8 VQPPU  118  0,071  (IKIN  CENTER  PRAM#  INTAC1 

FRAMES  WITHOUT  CRACK  STOPPERS  0,080  SKIN-  CENTER  PRAMS  INTACT 

PRAM  WITH  CRACK  STOPPER  -  0,071  SKIN  CRACK  STOPPER  3  IN,  BY 
0,028  IN,  TITANIUM  WITH  THREE  ROWE  3il«  RIVETS  -  CENTER  CRACK 
STOPPER  INTACT 

SAME  AS  CASE  3  WITH  CENTER  CRACK  STOPPER  FAILED 

SAMm  AS  CASE  3  WITH  BOTH  CENTER  CRACK  STOPPER  AND  CENTER  PRAMS 
PAILEO 

PRAMS  WITH  CRACK  STOPPER  0,071  SKIN  -  CRACK  STOPPER  2, 8  IN,  BY 
0,028  IN,  TITANIUM  WITH  TWO  WOWS  3/18  RIVETS  -  CENTER  CRACK  8TOPP6R 
FAILED, 

PRAMS  WITH  CRACK  STOPPER  -  0,071  8KIN  -  CRACK  STOPPE R  2  IN,  BY 
0,02  IN,  TITANIUM  WITH  TWO  ROWS  3716  RIVETS  -  CENTER  CRACK  STOPPER 
FAILED. 

FRAME  WITH  CRACK  8TOPP6R  0.0B3SKIN  -  CRACK  8TQPPH  R  3,2&  IN,  BY 
0,016  IN.  TITANIUM  WITH  TWO  ROWS  0/16  RIVETS  ••  CENTER  (*'■  'OK  STOPPER 
PAILEO. 


► 

a 

N 


SAME  AS  CASE  8  WITH  CENTER  PRAMS  FAILED 
F  RAMES  WITHOUT  CRACK  8TOPPE  RS  0,07 1  SKIN 
FRAMES  WITHOUT*  CRACK  STOPPER8  -  0,08  SKIN 

FRAMES  WITH  CRACK  STOPPER  -  0.071  8KIN  -  CRACK  STOPPER  3  IN,  BY  0,036 
TITANIUM  WITH  THREE  ROWS  3/16  RIVETS 

ROLLED  HAT  8ECTION  LONGERON  -  NET  AREA  0,208  IN,*  -  0,063  SKIN  -  ONE 
ROW  3/16  RIVETS  AT  M/4  PITCH 


I 


SAME  AS  CASE  13  WITH  0.071  SKIN 

EXTRUDED  HAT  SECTION  LONGERON  -  NET  AREA  0,3029  tN, 2  -0.071  SKIN  - 
ONE  ROW  3/1 6  RIVETS  AT  1-1/4  PITCH 

SAME  AS  CASE  1 6  WITH  0.080  SKIN 

EXTRUDED  HAT  SECTION  LONGERON  -  NET  AR6A0.BI21  IN,2  I  0,071  SKIN  - 
ONE  ROW  3/16  RIVETS  AT  M/4  PITCH 

SAME  AS  17  WITH  ONE  ROW  3/18  STEEL  ATTACHMENTS  AT  1-1/4  PITCH 

EXTRUDED  TEE  SECTION  LONGERON  -  N8Y  AREA  0.2895  IN,2  TWO  ROW6 
3/16  RIVETS  AT  1-1/4  PITCH 


EXTRUDED  TEE  SECTION  LONGERON  -  NET  AREA  0.4866  IN,2  TWO  ROWS 
3/16  RIVETS  AT  1-1/4  PITCH 


'CA SE  8  FRAME  THICKNESS  IS  0.063  IN.  WITH  DIMENSIONS  AS  SHOWN  IN  FIGURE  i. 
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®cc.  1 
8  ocs  1 

*  occf  1 

•  iccf  " 
8  ocof  * 
8  icof  * 
8  of 

8  if 


Cron  stress  Applied  to  the  upper  boundary  of  the  panel,  pet 

Center  crack  (topper  etrees,  pai 

Outer  crack  (topper  (tree*,  pai 

Outer  cap  etreaa  in  the  center  frame,  pai 

Inner  cap  atreaa  in  the  center  frame,  pai 

Outer  cap  atreaa  in  the  outer  frame,  pai 

Inner  cap  atreaa  in  the  outer  frame,  pai 

Longeron  outer  fiber  atreaa,  pai 

Longeron  inner  fiber  atreaa,  pai 


All  of  the  atreaaea  ahown  are  tumped  atreaaea  in  the  idealized  membera.  The  atreaa  diatribu- 
tiona  in  the  aheet  after  a  longeron  la  broken  and  prior  to  akin  cracking  ia  shown  in  Figure  13  for  condi¬ 
tions  1%  and  17  of  Table  1. 


V  (IN.) 

FIGURE  11  AXIAL  SKIN  STRESS  IN  THE  VICINITY  OF  A  BROKEN  LONGERON 
Skin  Fracture  Criterion 


of  a  panel,  baaed  on  akin  criteria.  The  lower  curve  (dotted)  repreaenta  an  unatinenea  panel  ana  me 
upper  two  curves  are  for  stiffened  panels  with  longitudinal  cracks  plotted  for  cases  1  and  4  of  Table  1. 
The  change  in  slope  of  the  curves  for  stiffened  panels  as  the  crack  tip  approaches  the  stiffener  spacing 
ia  due  to  *  -eduction  in  crack  tip  -tress  as  the  stiffener  picks  up  load.  The  maximum  reduction  in  crack 
tip  stress  occurs  in  the  region  of  the  stiffeners  as  can  be  seen  by  the  increase  in  R-t  values  listed  in 
Table  2. 
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FIOURE  14.  COMPARISON  OF  OHOB8  RESIDUAL  STRENGTH  GURVE8  FOR  UN8TIFFINID 
AND  STIFFENED  PANELS,  CA8R8  1  AND  4  OF  TABLE  1 

TABLE  X 

_ _  8TRB88  RATIOS  FOR  TWQ4AV  LONOITUOINAt  CRACKED  PANELS 


HALF  CRACK  LINQTH,  •  (IN.) 


a 

71 

10A 

11,74 

14A 

194 
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1.997 
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a 
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1,317 
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1,444 

1.440 

(.441 
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9,171 
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1.004 
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1.944 

1,338 

1.444 

1.441 
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2.414 
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0.494 
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1.184 
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1.449 
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1,940 

1.341 

1.434 

1.493 

1.700 

9.940 

9.944 

a 

1.043 

1,104 

1,174 

1.933 

1,334 

1,444 

1.434 

1433 
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9.984 

0 
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3 
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1,870 
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4.260 

0.364 

7.384 

1 

1 

1.740 

1,4  SO 

1.884 

9.007 

2,417 

23)00 

3.829 

4.772 

7.141 

8.249 

„ 

4 

1.480 

1.884 

9,398 

9.481 

2,804 

3.444 

4,898 

0.409 

9.004 

11.33 

l 

0 

1.748 

1.094 

1,843 

9,004 

2,400 

9,834 

3.401 

4.849 

0,690 

7.707 

7 

1.744 

. . , 

13143 

9.073 

9,404 

9.948 

3,691 

0.103 

8.040 

10.44 

}; 

4 

1.743 

1.811 

1,938 

2,008 

2,409 

9.944 

3.449 

4.607 

6.942 

6.169 

V 

8 

1,041 

... 

9.180 

... 

2,948 

3.802 

4,898 

0.989 

9.849 

11.202 

1 

1.043 

2.104 

9.478 

2.681 

3,201 

3,800 

3.710 

3,848 

3.986 

4.060 

>■ 

2 

1.790 

2,240 

2.404 

3,138 

3,4t3 

3.979 

4.183 

4,319 

4.460 

4.877 

3 

1,951 

1,447 

1,048 

1.789 

1.800 

2.088 

2.100 

2,213 

2.938 

2.261 

v 

%«ot/o 

4 

1,744 

9.235 

9,/ 13 

23)06 

3.304 

3,669 

3,824 

3.939 

3.987 

4.020 

0 

1.740 

2.994 

9.680 

2.009 

3.372 

3.608 

3.800 

3.916 

3.972 

4.011 

t 

7 

1,702 

»  .  . 

9.090 

23198 

3.30t 

3.897 

3.734 

3866 

3921 

3.008 

i. 

8 

1.072 

9,113 

2.874 

23)44 

3.248 

3.630 

3.674 

,3.792 

3.886 

3.809 

TABLE  2 

STRESS  RATIOS  FOR  TWO  BAV  LONGITUDINAL  CRACKED  PANELS  (CONT) 


HALF  CRACK  LENGTH.  ■  (IN.) 


48 

79 

1QJ5 

12.75 

158 

178 

118 

198 

208 

218 

1 

0968 

1.019 

1.117 

1.192 

1.317 

1.420 

1.471 

1819 

1.561 

1  596 

2 

0933 

0978 

1.069 

1.143 

1.267 

t  .361 

1.411 

1.460 

1  503 

I  639 

3 

1  024 

1.092 

1.189 

1.256 

1.364 

1.449 

1.489 

1.574 

1.539 

1.550 

•eel'9 

4 

1.000 

1.076 

1.191 

1271 

i  400 

1.501 

1 .549 

t  .591 

1  609 

1  677 

8 

1.001 

1.078 

1.193 

1.273 

1.403 

1  505 

1.553 

1.596 

1  617 

1  632 

7 

0.996 

1.183 

1.263 

1.393 

1.497 

1.547 

1  592 

1.617 

1  635 

8 

0961 

1.041 

1  136 

1.206 

1  322 

1.414 

1.459 

1.499 

1  521 

1  537 

1 

1.022 

1.057 

1.119 

1.175 

1.304 

1.470 

1.596 

1.781 

2  087 

2.325 

3 

1.015 

1.048 

1.108 

1.168 

1.294 

1.463 

1.596 

1.797 

2.139 

7402 

3 

1.013 

1036 

1.077 

1.118 

1.206 

1.321 

1.402 

1.505 

1.579 

1  634 

4 

1.024 

1.058 

1.1  IS 

1.167 

1.291 

1.419 

1.516 

1.636 

1.722 

1.784 

•ocof/# 

5 

1.073 

1.138 

1.239 

1.329 

1.523 

1.750 

1904 

7.091 

2.217 

2.306 

e 

1.023 

1.057 

1.114 

1.166 

1.277 

1.412 

1.506 

1.623 

1.716 

1.784 

7 

1.022 

1.113 

1.168 

1.282 

1.427 

1831 

1  666 

1.790 

1882 

8 

1.021 

1.054 

1.109 

1.161 

1.259 

1.407 

1.499 

1.614 

1.713 

1.788 

9 

1.060 

1928 

... 

1.508 

1.731 

1879 

2.059 

2.706 

7218 

t 

1.031 

1.079 

1.162 

1.210 

1.311 

1.393 

1.427 

1.447 

1.434 

1.429 

2 

1.025 

1070 

1.144 

1204 

1.309 

1.396 

1.434 

1.457 

1.437 

1.430 

3 

1  j01 

1047 

1095 

1.135 

1206 

1.271 

1202 

1225 

1.327 

1231 

4 

1-032 

1077 

1.144 

1.197 

1.792 

1.374 

1.413 

1.443 

1.447 

1.453 

••cot* 

5 

1.101 

1.184 

1.309 

1.406 

1.581 

1.734 

1807 

1865 

1878 

1891 

6 

1.032 

1076 

1.114 

1.196 

1291 

1.3/1 

1.413 

1445 

1.453 

1.461 

7 

1.030 

... 

1.142 

1.195 

1.297 

1.376 

1.416 

1.448 

1.454 

1.462 

8 

1.029 

1070 

1.134 

1.194 

1275 

1.362 

1289 

1.419 

1.425 

1.433 

9 

1.008 

1992 

... 

1862 

1.897 

1.768 

1826 

1844 

1862 

If  the  panel  contain*  a  fatigue  crack  of  half  length  a.,  and  a  gro**  (treat  of  oRA  i*  applied 
then  fast  fracture  will  occur  at  A  and  the  crack  will  be  arretted  at  B.  If,  on  the  other  hand,  a  groat 
(treat  of  oRC  it  applied  witn  half  crack  length  equal  to  ac,  then  fatt  fracture  will  occur  at  C  and  the 
crack  will  not  be  mr rested.  The  residual  strength  of  the  panel  is  represented  as  con  *nd  any  fracture 
at  (treat  level  higher  than  OpD  will  not  be  arreited  and  would  repretent  an  explosive  failure  in  a  pret- 
eurixed  shell.  The  value  of  the  crack  (topper*  for  cate  4  can  be  teen  by  their  influence  on  the  ret.dual 
strength  when  compared  to  cate  1  for  the  panel  without  crack  (topper*.  The  frame,  connected  to  the 
akin  by  a  flexible  (hear  clip,  it  not  at  effective  in  picking  up  load  at  a  crack  (topper  atrap  connected 
directly  to  the  akin  with  three  row*  of  riveta. 


Stiffener  Strength  Criteria 

In  considering  the  grott  retidual  atrength  of  a  ttiffened  panel,  one  mutt  contider  both  akin 
fracture  criteria  and  atiffener  atrength.  Table*  2,  3  and  4  lilt  atiffener  atreaaea  a*  a  function  of  crack 
length.  In  order  to  maintain  the  akin  fracture  atrength  illuatrated  by  Figure  14,  the  atiffenera  muat 
remain  intact.  In  caaea  where  the  atiffener  may  be  critical,  yielding  of  the  atiffener  will  take  place 
prior  to  failure,  resulting  in  an  effective  increaae  in  the  crack  tip  atreaa  and  a  decreaae  in  Rrt.  Stiffener 
failure  and  akin  fracture  then  occur  aimultaneoualy,  but  the  failure  ia  precipitated  by  atiffener  criteria. 

In  order  to  obtain  a  balanced  deaign,  both  akin  and  atiffener  criteria  muat  be  conaidered.  nn 
example  of  thia  n  illuatrated  in  Figure  15.  The  curvea  ahown  repreeent  groaa  retidual  atrength  for  a 
flat  panel,  atiffened  by  frame*  and  crack  atoppera,  and  aubjected  to  a  uniform  areas  atreaa  at  the 

Table  1  where  the  center  crack  'topper  i*  intact  and  for  caae  4  where  the’  centVr'c  rack  Vtoppe'r  i  a~b  rok  e  n . 
The  akin  material  is  assumed  to  be  7075-T73  with  Kc*  --  90,  000  pti  JTn~  2  The  crack  (topper  and  frame 
*ra  t0  bf,t'Un|um  8-1-1,  lnd  7075-T6.  reapectively,  with  ultimate  tenaion  atrength*  149,  000  ps, 

and  75.  000  pti.  If  the  damage  tolerance  criteria  selected  require  that  the  center  crack  stopper  should 
not  fail,  then  for  a  half  crack  length  of  20  inchea,  the  groaa  atrength  would  be  limited  to  1 1  000  psi  from 
curve  A  of  Figure  15;  however,  the  retidual  atrength  baaed  on  akin  criteria  ia  31,  500  pai  from  curve  B 
resulting  in  an  unbalanced  deaign.  If,  however,  the  center  crack  stopper  ia  allowed  to  break  leaving’ 


-iyhf. 
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TABLE  3 

STRESS  RATIOS  FOR  ONE-BAY  LONGITUDINAL  CRACKED  PANELS 


_  HALF  CRACK  LENGTH,*  UN, I 

1,8  3,8  4,8  8A  6,8  7,8  88  0,8  10,8  11,8  13A 


10  1.004  1.018  1.07ft  1.038  1.066  1,081  1.110  1,107  1.787  1.383 

R  11  1,040  1,04ft  1,048  1,064  1,066  1,083  1,111  1.169  1,760  1,373 

17  1.008  1,010  1.030  1,047  1.070  1.106  1.177  1.447  1,048  7.017 


u^/u  17  1.770  1,808  1,887  1,001  7,163  7.40ft  7,887  3,840  6,740  8.713  7.418 

i  — — . .  laamt  — *■  n»mi BS— «I  in  mi  |T1^  ii  ■  i  ■  n  <1  muiMin  ■  ■  inTWWMtmuJ 

10  1.000  1,048  1.078  1.118  1.174  1,740  1,383  1,600  1.788  1,080  7.183 

a^lo  11  1,008  1.04ft  1,074  1.117  1.174  1.783  1,384  1.833  1,810  7,066  7,781 

17  1,008  1,040  1.067  1.103  1,140  1.710  1,780  1,380  1,469  1.818  1.871 


10  1,008  1.040  1,064  1,003  1.170  1,169  1.101  1,714  1,700  1.710  1.717 

oi80,/o  11  1  008  1,040  1.068  1.008  1,130  1,187  1,703  1,778  1,717  1.717  1,374 

17  1,007  1.030  1.088  1.086  1.116  1,160  1 .184  1,713  1.718  1,778  1,736 


TABLE  4 

STRESS  RATIOS  POR  TWO-BAY  CIRCUMFERENTIAL  CRACKED  PANELS 
_ WITH  BROKEN  CENTRAL  LONGERON _ 

HALF  CRACK  LENGTH,*  (IN.) 


CASE 

1.6 

7J6 

3,8 

4,8 

6.8 

6.8 

7A 

8.8 

9.5 

11,0 

13.0 

13 

0.818 

0.663 

0,881 

0.907 

0.937 

0,980 

1.101 

1,327 

1.394 

,  -  . 

14 

0.843 

0.867 

0.893 

0.916 

0,943 

0.983 

t  ,092 

1,398 

1,362 

.  .  . 

16 

0.778 

0.830 

0,862 

0.883 

0,918 

0,970 

1.107 

1,353 

1 .428 

.  .  . 

R«« 

16 

0.798 

0.836 

0.866 

0.894 

0,936 

0.972 

1,092 

1.306 

1.378 

.  .  . 

.  .  . 

17 

0,683 

0.738 

0.779 

0.823 

0,871 

0.943 

1.134 

1.428 

1.620 

»  »  . 

.  .  . 

18 

0,881 

0.713 

0.783 

0.837 

0.8BQ 

0.966 

1.370 

2.062 

1.966 

.  .  . 

.  .  . 

19 

0.763 

0.813 

0.881 

0.886 

0,936 

0888 

1.201 

1.593 

1.646 

.  .  . 

*  .  i 

30 

0.683 

0.737 

0.778 

0.836 

0.881 

0.967 

1.341 

1.704 

1.766 

‘  *  * 

13 

1.066 

1,107 

1,173 

1.270 

1.426 

1,694 

2.247 

3.504 

4.304 

6.438 

6.461 

14 

1.063 

1.104 

1.168 

1.268 

1.436 

1.699 

2.269 

3.600 

4.476 

6.741 

6.848 

18 

1.074 

1,114 

1.176 

1,369 

1.414 

1.660 

2.183 

3.212 

3.876 

4.808 

6.606 

°of/o 

16 

1.069 

1.109 

1.170 

1.363 

1.408 

1.563 

3,143 

3.230 

3.937 

4.968 

5.830 

17 

1.094 

1.133 

1,188 

1 .271 

1,394 

1.591 

1.966 

2.637 

3.043 

3.601 

4.062 

IB 

1.109 

1,163 

1.216 

1.311 

1.462 

1.740 

2.423 

3.441 

3.867 

4.449 

4.932 

IS 

1.077 

1.121 

1,186 

1280 

1,430 

1.649 

2.089 

2,864 

3.290 

3.890 

4.412 

30 

1,100 

1.143 

1,202 

1.284 

1.398 

1,568 

1.855 

2.273 

2.496 

2.810 

3.080 

S'; 

13 

1,074 

1,107 

1,154 

1.214 

1.287 

1,373 

1.465 

1.518 

1.573 

1.619 

1.837 

V  ' 

14 

1.070 

1.103 

1.149 

1.209 

1.284 

1,372 

1.466 

1.520 

1.579 

1.705 

1.863 

\. 

15 

1.088 

1.120 

1.165 

1.223 

1,292 

1.372 

1.455 

1.497 

1.542 

1.639 

1,769 

i 

oif/o 

16 

1.082 

1.114 

1.169 

1.217 

1,287 

1.369 

1,454 

1.501 

1.561 

1.659 

1.793 

17 

1.119 

1.161 

1,193 

1.246 

1,306 

1.372 

1.432 

1.444 

1.466 

1.617 

1.588 

jA 

18 

1,124 

1.168 

1.203 

1,267 

1.320 

1.384 

1,422 

1.377 

1.371 

1.387 

1.427 

-  SKIN  CRITERIA 

— —  CRACK  STOPPER 


- - -  FRAME  CRITERIA 


HALF  CRACK  LENGTH,  a  (IN.) 

FIGURE  IB.  GROSS  RESIDUAL  STRENGTH  FOR  A  TYPICAL  FLAT  PANEL  WITH  TWO-BAY  LONGITUDINAL  CRACK 

the  frame  intact,  the  strength  based  on  skin  criteria  would  be  reduced  to  30,  000  psi  from  curve  D. 
However,  tho  residual  strength  of  the  panol  would  be  19,  000  psi  for  a  half  crack  length  of  20  inches 
based  o.i  contor  frame  criteria.  This  is  a  case  where  increasing  the  damage  tolerance  would  reduce  the 
weight  si-ico  the  area  of  the  crack  stoppers  would  have  to  be  more  than  doubled  to  maintain  their  contin¬ 
uity  at  a  gross  stress  of  19,  000  psi.  The  rivets  attaching  the  crack  stopper  to  the  skin  become  highly 
loaded  as  the  crack  extends.  Figure  16  shows  outer  crack  stopper  total  rivet  load  as  a  function  of  crack 
length  for  cases  3,  4  and  6  of  Table  1.  Only  the  first  and  second  rows  are  shown.  For  case  3,  the 
rivets  attaching  the  center  crack  stopper  to  the  skin  are  extremely  highly  loaded  analytically.  For 
a  =  21.  5,  Pr/o  is  0.  348. 

Effect  of  Attachment  Stiffness 

In  order  to  Illustrate  the  effect  of  attachment  stiffness,  an  analysis  was  performed  on  a  panel 
0,071  inch  thick,  having  hat  section  stiffeners  at  8-inch  spacing  with  an  area  of  0.S121  square  inch. 

The  idealisation  for  the  panel  was  similar  to  that  shown  in  Figure  9  with  the  center  longeron  assumed  to 
be  broken,  Figures  17,  18,  and  19  show  the  analysis  results.  Four  different  skin  attachments  were 
considered: 

•  Infinitely  rigid 

•  Adhesive  bond  1.0  inch  wide,  0.01  inch  thick  with  shear  modulus  of  38,  000  psi 

•  3 /.1 6-inch-diameter  steel  attachments  at  7/8-inch  spacing 

•  3/16-inch-diameter  aluminum  attachments  at  1-1/4-inch  spacing. 

Figure  17  shows  the  crack  tip  stress  intensity  factor  K,  per  unit  gross  stress,  as  a  function  of 
crack  length.  It  can  be  seen  that  as  the  crack  approaches  the  stiffener,  the  stress  intensity  is  reduced. 
The  lowest  stress  Intensity  factor  occurs  just  beyond  the  stiffener  for  the  infinitely  rigid  stiffener  to 
skin  attachment.  Thia  case  assumes  compatibility  of  strain  between  the  stiffener  and  the  sheet  which  is 
an  assumption  often  made  for  other  methods.  In  practice,  however,  appreciable  deflection  takes  place 
in  the  rivets,  resulting  in  a  lower  load  transfer  Into  the  stiffener  and  a  consequent  increase  in  crack  tip 
stress  intensity.  Considerable  error  may  therefore  be  present  with  the  rigid  attachment  assumption, 

Figure  18  shows  outer  stiffener  stress  as  a  function  of  crack  length  for  the  four  cases  con¬ 
sidered.  The  highest  load  transfer  into  the  stiffener  occurs  with  the  rigid  attachment.  Outer  and  inner 
cap  stresses  are  shown,  indicating  considerable  bending  in  the  stiffener  due  to  eccentricity  of  load 
application  from  the  sheet.  The  stiffener  to  skin  attachment  shear  flow  is  shown  in  Figure  19  for  the 
first  8-1/2  inches  of  idealised  shear  panel  from  the  crack.  It  can  be  seen  that  the  intensity  of  shear  load 
Is  extremely  high  in  the  vicinity  of  the  crack,  particularly  for  the  rigid  and  adhesively-bonded  connec¬ 
tion,  The  distributions  are,  of  course,  based  on  elastic  analysis  and  do  not  show  the  effects  of  yielding 
of  the  first  attachments  on  the  remaining  shear  load  distribution.  The  analysis  results  show  that 
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•KIN  TO  ITIPfCNHR  ATTACHMINT 


FIGURE  18.  OUTER  LONGERON  CAP  STRESSES  VERSUS  CRACK  LENGTH  FOR  VARIOUS  LONGERON 
ATTACHMENTS 


SHEAR  FLOW 

q/o 

(LB/IN./PSI) 


Increasing  the  attachment  stiffness  increases  skin  strength  but  decreases  stiffener  strength.  Care  must 
be  exercised,  therefore,  when  choosing  an  attachment  to  obtain  a  balanced  design.  To  illustrate  this 
point  the  gross  residual  strength  of  the  panel,  based  on  both  skin  fracture  and  stiffener  strength  criteria, 
is  shown  in  Figure  20.  The  skin  fracture  criteria  have  been  plotted  for  two  different  skin  materials: 


•  2024-T3  clad  sheet  0,071  inch  thick  with  crack  normal  to  the  grain  direction,  and  Kc  of 
192,4  ksi  /Tn.  obtained  from  wide  panel  tests.  ** 

•  7075-T73  clad  sheet  0,071  inch  thick  with  Kc  of  97.35  ksi  /in7  11 

The  stiffeners  are  7075-T6  extrusion  with  allowable  based  on  outer  cap  strength  of  82,  000  psi. 
The  significance  of  the  curves  illustrating  skin  fracture  criteria  can  be  explained  by  referring  to  Fig¬ 
ure  20.  Consider  the  curve  plotted  for  Kc  =  97,35  ksi  /in.  with  stiffeners  attached  by  an  infinitely 
rigid  connection.  If  the  panel  contains  a  crack  of  length  aj  and  a  gross  stress  of  o  is  applied,  then  fast 
fracture  will  occur  and  the  crack  will  be  arrested  at  a  crack  length  aj. 

The  residual  strength  of  the  panel  is  given  by  sR  at  the  peak  of  the  curve.  Compatibility 
between  skin  fracture  and  stiffener  strength  criteria  exists  when  the  stiffener  allowable  strength  coin¬ 
cides  with  the  skin  residual  strength  at  the  peak  of  the  skin  residual  strength  curve. 
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HALF  CRACK  LENGTH  a  (IN.) 

FIGURE  20.  GROSS  RESIDUAL  STRENGTH  VERSUS  CRACK  LENGTH 


The  residual  strength  of  the  2024-T3  panel,  based  on  skin  criteria,  is  extremely  high  compared 
to  the  stiffener  criteria,  particularly  for  infinitely  rigid  or  bonded  attachment  where  the  residual 
strength  is  higher  than  the  static  gross  strength  without  crack.  The  design  from  a  residual  strength 
standpoint  is  more  compatible  when  aluminum  rivets  at  1-1 /4-inch  spacing  are  used.  Even  so,  failure 
of  the  panel  would  be  precipitated  by  stiffener  failure. 


Figure  20  Indicates  that  7075-T73  skin  material  produces  a  more  compatible  design  when  com¬ 
bined  with  7075-T6  extrusion  for  flat  panels  with  the  damage  tolerance  considered  here.  The  configura¬ 
tions  which  show  the  least  difference  between  skin  and  stiffener  strength  criteria  are  those  two  with 
steel  or  aluminum  fasteners.  Figure  21a  shows  gross  residual  strength  based  on  skin  criteria  for  the 
same  panel  containing  a  crack  of  length  2a  =  17  inches  with  a  broken  center  longeron.  (The  peak  of  the 
residual  strength  curve  is  at  17  inches.  See  Figure  20.)  Gross  strength  is  plotted  against  stiffener-to- 
skin  attachment  stiffness  for  various  values  of  Kc.  The  stiffener  strength  curve  is  shown  plotted  over 
the  curves.  The  intersection  of  the  curves  (illustrated  by  circles)  indicates  the  optimum  attachment 
stiffness  for  simultaneous  failure  of  akin  and  stiffener.  Figure  21b  shows  optimum  attachment  stiffness 
versus  Kc  derived  from  curves  shown  in  Figure  21a. 


GROSS 

RESIDUAL 

STRENGTH 
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FIGURE  21a.  OPTIMUM  ATTACHMENT  STIFFNESS 
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(b)  OPTIMUM  ATTACHMENT  STIFFNESS  vs  Kc  FOR  SIMULTANEOUS 
FAILURE  OF  SKIN  AND  STIFFENER 

PR71-OP-7279 

FIGURE  21b.  OPTIMUM  ATTACHMENT  STIFFNESS  (Continued) 


Bond  Delamination 

Considerable  reduction  in  crack  tip  stress  intensity  is  shown  with  bonded  stiffeners,  as  illus¬ 
trated  in  Figure  17.  This  is  due  to  the  high  relative  stiffness  of  the  adhesive  bond  when  compared  to 
aluminum  attachments.  However,  the  load  transfer  through  the  bond  material  into  the  stiffener  is 
extremely  concentrated  near  the  vicinity  of  the  crack,  as  illustrated  in  Figure  19.  This  high  concentra¬ 
tion  of  shear  load  may  cause  bond  delamination  in  the  vicinity  of  the  crack,  thus  reducing  the  effectivity 
of  the  stiffener.  The  effects  of  bond  delamination  can  be  easily  accounted  for  in  the  FORMAT  finite 
element  analysis  by  using  the  element  modification  procedure  outlined  in  the  Appendix,  The  shear  panels, 
which  simulate  the  attachment  of  the  stiffener  to  the  skin,  can  be  disconnected  automatically  during  the 
crack  propagation  phase  to  represent  bond  delamination.  The  effects  of  delamination  on  the  stress 
intensity  factor  are  shown  in  Figure  22  for  1  and  2  inches  of  delamination  on  each  side  of  the  crack. 
Considerable  increase  in  the  crack  tip  stress  intensity  factor  is  shown  with  increasing  delamination. 

When  delamination  exceeds  1.  5  inchos  on  each  side  of  the  crack,  the  strength  of  the  bonded 
panel  will  be  lower  than  a  panel  with  riveted  stiffaners.  Figure  23  shows  that  increasing  bond  delamina¬ 
tion  decreases  the  stiffener  outer  cap  stress  considerably  and  increases  the  inner  cap  stress  slightly, 
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FIGURE  22.  CRACK  TIP  STRESS  INTENSITY  VERSUS  CRACK  LENGTH  WITH  VARYING  DEGREES  OF  BONO 
DELAMINATION 
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FIGURE  23.  EFFECT  OF  BOND  DELAMINATION  ON  OUTER  STIFFENER  STRESS 


THE  THRESHOLD  OF  SLOW  STABLE  CRACK  GROWTH 

Many  equations  have  been  proposed  to  determine  the  crack  propagation  rate  under  constant 
amplitude  loading.  Two  of  the  most  useful  ones  have  been  those  proposed  by  Paris1^  an<j  Forman^, 
respectively: 


da/dN 

da/dN 


-•  C(AK)n 

C(AK)n 

(1  -  R)  Kc  -  AK 


(10) 

(ID 


Both  of  these  equations  have  been  integrated  into  computer  programs  to  determine  crack  propa- 
gation  under  spectrum  loading15.  A  method  has  been  proposed  to  determine  the  effect  of  crack  growth 
retardation  due  to  high  intermittent  load  cycles  based  on  a  reduced  effective  stress  concept1^,  it  is 
noted  in  this  report  that  considerable  conservatism  exists  in  crack  growth  studies  when  this  phenomenon 
is  neglected.  When  considering  materials  with  high  ductlbillty  such  as  2024-T3,  however,  this  conserva¬ 
tism  may  be  offset  to  some  extent  by  slow  stable  growth  during  the  high  load  cyclo.  The  use  of  Eq  (10) 
and  (11)  in  which  parameters  C  and  n  have  been  determined  from  constant  amplitude  testing,  in  conjunc¬ 
tion  with  the  retardation  model  of  Reference  16,  may  be  insufficient  to  accurately  predict  the  overall 
retardation  effect.  It  is  suggested  that  the  effect  of  slow  stable  growth  is  significant  and  should  bo 
accounted  for,  particularly  with  2024-T3  material, 

Consider  the  panel  shown  in  Figure  24a  which  contains  a  center,  through  crack  that  has  been 
subjected  to  constant  amplitude  cyclic  loading.  During  the  load  phase  from  A  to  B  shown  in  Figure  24b, 
the  gross  stress  is  increased  from  oj  to  o At  stress  oj  the  crack  tip  stress  Intensity  from  Eq  (1)  is 


KB 


»  -  Zw  Tan(»aB/W) 

Rct 


(12) 


A  plastic  sone  is  formed  at  the  crack  tip  of  radius  (1  /2">(KB/<rvi)2  where  aVM 
yield  strength.  The  plastic  gone  is  surrounded  by  elastically  strained  material,  JUdui 


is  the  material 

. ifuctng  the  stress 

to  oj  at  C  causes  a  residual  compressive  stress  to  be  Imposed  at  the  crack  tip  from  the  elastic  material 
surrounding  the  plastic  aone.  On  reapplication  of  the  load  at  C,  the  residual  stress  will  not  be  entirely 
relieved  until  a  crack  tip  stress  intensity  equal  to  KB  Is  reached  a  little  before  the  peak  at  D.  At  the 
peak  D  the  crack  tip  stress  Intensity  will  be 
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FIGURE  24.  THRESHOLD  OF  SLOW  STABLE  CRACK  GROWTH 


The  stress  intensity  factor  range  from  C  to  D  will  be  called  (AK)„  and  associated  with  this  AK 
will  be  a  certain  growth  rate  da/dN,  For  this  particular  type  of  growth  rate,  associated  with  constant 
amplitude  stress,  the  zone  ahead  of  the  crack  tip  is  always  subjected  to  residual  compressive  stress 
imposed  by  the  plastic  zone  from  the  previous  load  cycle.  This  kind  of  growth  is  normally  seen  plotted 
as  AK  versus  da/dN,  similar  to  Figure  24c.  Empirical  or  semi-empirical  equations  such  as  Eq  (10) 
and  (11)  are  written  to  fit  the  test  data.  As  the  gross  stress  level  is  Increased  from  point  E,  the  crack 
tip  will  again  be  subjected  to  residual  compressive  stress  until  a  stress  intensity  Kp  is  reached  at  point 
F,  which  will  be  at  a  stress  slightly  less  than  ai  (little  error  would  be  involved  in  assumlnn  oj),  Th® 
crack  growth  from  E  to  F  would  be  (AK),  -type  growth,  which  is  subject  to  residual  stress  from  the  pre¬ 
vious  load  cycle.  If  the  stress  is  increased  to  03  at  point  G,  the  zone  ahead  of  the  crack  tip  will  be  com¬ 
pletely  relieved  of  residual  stress  at  point  F,  and  the  c<-ack  growth  from  E  to  G  will  not  be  the  same  kind 
of  growth  associated  with  residual  stress  from  the  previous  load  eye)  The  stress  intensity  range  from 
F  (nearly  equal  to  D)  to  G  will  be  called  (AK)S  and  can  be  several  hundred  times  as  great,  depending  on 
K2  and  (AK);  .  This  residual  stress-free  growth  is  defined  as  slow  stable  growth  in  this  paper. 

Suppose  now  that  the  history  of  load  application  has  not  been  at  a  constant  amplitude  before  the 
high  load  cycle  was  applied,  and  that  a  prevloua  high  load  cycle  A  was  applied  followed  by  constant 
amplitude  cyclea,  aa  shown  in  Figure  24d, 

The  crack  propagation  will  be  retarded  until 


then  stable  growth  will  not  start  to  occur  on  the  Ek  high  load  cycle  at  a  stress  intensity  Kn  and  wiU  only 
start  to  occur  when  Eq  (14)  is  satisfied. 
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then  slow  growth  will  start  at  a  stress  intensity  Kn< 

Let  KgG  be  the  stress  intensity  at  the  threshold  of  slow  stable  growth  on  the  high  load  cycle  B. 
Then,  to  satisfy  Eq  (14) 


kSG  =  <Jys/2’r[aA  _  an  +  (l/27r)(KA/oy8)2] 


(15) 


and 


(AKV,  =  KB  -  Ksg 


(16) 


The  K's  in  each  case  are  determined  from  Eq  (1).  The  authors  of  Reference  14  suggested  an 
additional  crack  growth  curve  to  account  for  the  transition  from  90-degree  tensile  to  45-degree  shear- 
type  cracking.  A  third  curve  is  suggested  here  to  account  for  slow  stable  crack  growth  when  spectrum 
type  loading  is  being  considered. 

TEST  PROGRAM 

Extensive  fatigue  and  fail-safe  testing  had  been  completed  during  the  development  of  the  DC -8 
and  DC-9  aircraft.  The  general  philosophy  during  the  DC-8  testing  was  to  subject  a  panel  or  shell 
structure  to  pressure  loading  which  would  simulate  a  principal  stress  in  the  skin.  Rotary  saws  were 
then  inserted  into  the  skin  and  advanced  until  rapid  fracture  occurred.  This  method  is  excellent  for 
determining  the  crack  arresting  capability  of  the  crack  barriers  but  little  information  on  fracture  tough¬ 
ness  is  gained  that  can  be  used  in  future  designs. 

The  methods  changed  during  the  DC-9  testing  where  saw  cuts  were  made  in  the  skin  and  cyclic 
pressure  applied  so  that  the  saw  cuts  were  converted  to  fatigue  cracks  prior  to  fast  fracture.  Fracture 
toughness  can  be  determined  from  this  type  of  testing  if  the  crack  length  at  fast  fracture  is  known.  All 
of  these  early  data  were  extremely  useful  during  the  development  of  the  DC-10  fail-safe  capability. 
However,  in  order  to  produce  the  most  efficient  design,  further  development  testing  was  required. 
Figure  25  illustrates  some  of  the  fail-safe  development  test  specimens  completed  to  date. 


FIGURE  28.  FUSELAGE  FATIGUE  AND  FAIL-SAFE  DEVELOPMENT  TESTS 
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Curved  Panels 

Figure  25a  shows  a  large  curved  panel  of  radius  118.5  inches  which  is  stiffened  by  eight  frames 
and  eleven  longerons.  Axial  loading  is  applied  by  a  series  of  whiffletrees  attached  to  the  ends  of  the 
panel.  Pressure  loading  is  applied  to  the  under  side  of  the  panel  by  lowering  a  vacuum  chamber  onto 
the  panel  and  evacuating  the  chamber.  Both  axial  load  and  pressure  loading  can  be  cycled  or  applied 
statically.  Transverse  and  longitudinal  saw  cuts  can  be  made  in  the  skin  and  propagated  into  fatigue 
cracks  prior  to  applying  static  loading,  to  determine  the  effects  of  fast  fracture  and  arrest. 

The  vacuum  test  machine  was  initiated  during  the  DC-10  development  and  considerable  effort 
was  required  to  perfect  its  operation.  The  main  innovations  in  this  machine  are  the  capability  to  apply 
axial  load  and  the  ability  to  observe  the  inner  side  of  the  panel  during  pressure  loading.  One  circum¬ 
ferential  and  six  longitudinal  crack  tests  have  been  performed  on  two  panels  to  date.  Panel  15  was  made 
from  0.080  7075 -T73  clad  sheet,  with  a  frame  configuration  as  shown  in  Figure  3a  with  a  net  area  of 
0.5042  square  inch.  Hat  longerons  were  extruded  as  seen  in  Figure  3d  with  gross  area  0.312  square 
inch.  Panel  16  was  made  from  0.063  2024-T3  clad  sheet  with  frame  configuration  as  shown  in  Figure  5 
but  with  thickness  0.063  and  a  net  area  0.425  square  inch.  Crack  stopper.*  were  3.25  by  0.016  titanium 
8-1-1  and  longerons  were  rolled  Hat-section  with  gross  area  of  0.214  square  inch.  During  the  develop¬ 
ment  of  the  vacuum  test  machine  shown  in  Figure  26,  all  of  the  specimen  types  b  to  g  of  Figure  25  were 
tested  to  give  early  data  to  be  incorporated  into  the  larger  curved  panels.  A  view  of  the  upper  side  of 
curved  panel  16  is  .hown  in  Figure  27. 

Figure  25b  shows  narrow  specimens  for  material  screening.  Crack  propagation  and  residual 
strength  tests  were  performed  on  these  specimens  but  the  fracture  toughness  data  obtained  are  not 
representative  of  very  wide  panels  such  as  fuselage  panels.  This  is  illustrated  by  Liu  who  showa^  the 
increase  in  plane  stress  fracture  toughness  Kc  with  increasing  panel  width.  This  effect  is  particularly 
noticeable  in  2024-T3  sheet. 

Flat  Panels  with  Longitudinal  Cracks 

Figure  25c  shows  flat  panels  stiffened  by  longerons  and  frames.  Fourteen  tests  were  per¬ 
formed  on  six  panels  of  this  type.  Frames  on  each  of  the  panels  were  7075 -T6  with  cross  section  as 
shown  in  Figure  3.  Longerons  were  all  7075 -T6  extruded  Hat-section  with  a  gross  area  of  0.  312  square 
inch.  A  description  of  the  panels  is  given  in  Table  5.  Three-inch-wide  titanium  crack  stoppers  0.025 
inch  thick  were  incorporated  into  panels  5  and  6  with  three  rows  of  rivets.  Cracks  were  propagated 
under  uniaxial  cyclic  loading  from  saw  cuts  in  the  skin  to  simulate  one-  and  two-bay  longitudinal  cracks. 
Static  loading  was  applied  at  predetermined  crack  lengths  to  fast  fracture  the  skin.  Cracks  were  normal 
to  the  frames  and  crack  stoppers  provided  the  crack  barriers. 


FIGURE  26.  VACUUM  TEST  RIG  FOR  TESTING  CURVED  PANELS  UNDER  COMBINED  PRESSURE  AND  AXIAL 
LOADING 


FIGURE  27.  UPPER  SIDE  OF  CURVED  TEST  PANEL  16 


TABLE  S 

12&IN1YIDE  FLAT  PANEL  CONFIGURATION  FOR  LONGITUDINAL  CRACKS 

FRAME  SPACING  20.0  IN. 

SKIN  THICKNESS  0.071  IN. 


PANEL 

NO. 

SKIN 

MATERIAL 

LONGERON 

SPACING 

IIN.I 

CRACK 

STOPPER 

SHEAR 

CLIP 

TYPE* 

1 

7075-T73 

6.5 

NONE 

(si 

2 

7075  T73 

S.0 

NONE 

Ibl 

3 

7075-T73 

65 

NONE 

Id 

4 

7075-T73 

SO 

NONE 

(si 

5 

7075-T73 

8.0 

3  IN.  BY  0.025 

1*1 

6 

2024-T3 

8.0 

TITANIUM  8  1-1 

(si 

•REFER  TO  FIGURE  ) 


Flat  Panel*  with  Circumferential  Cracka 

Ficure  2id  shows  flat  panels  stiffened  by  longerons  and  frames.  Eighteen  tests  were  performed 
on  nine  panels  of  this  type.  The  configurations  of  eight  of  these  panels,  listed  from  7  to  14,  are  shown 
in  Table  6.  Longerons  were  saw  cut  and  cracks  propagated  into  two  adjacent  bays  under  uniaxial  cyclic 
loading  to  simulate  a  two-bay  circumferential  crack  with  a  broken  central  longeron.  At  predetermined 


TABLE  0 

»IN.  WIDE  FLAT  PANEL  CONFIGURATION  FOR  CIRCUMFERENTIAL  CRACKS 

LONGERON  SPACING  80  IN. 

SKIN  THICKNESS  0  071  IN. 


PANEL 

NO. 

SKIN 

MATERIAL 

LONGERON 

TYPE* 

LONGERON 

NET  AREA 

IIN.2) 

LONGERON 

TO  SKIN 

ATTACHMENTS 

7 

7076  T  73 

HAT  Id) 

0  3029 

NAS  1097 

006 

• 

7075-T73 

HAT  <d> 

0  5121 

NAS  1097 

006 

• 

7Q75-T73 

TEE  Is) 

0  2896 

RV  51766 

7075-T73 

10 

707ST73 

TEE  Is) 

0.4966 

NAS  1097 

OC6 

11 

2024-T3 

HAT  Id) 

0.3029 

NAS  1097 

006 

12 

2024-T3 

HAT  Id) 

0.5121 

NAS  1097 

DD6 

13 

2024-T3 

TEE  Is) 

0.2895 

RV  51 70-6 

7075-T73 

14 

2024-T3 

TEE  Is) 

04865 

RV  5170-6 

7075T73 

•JWF H  TO  HGVHF.  } 

crack  length*,  static  loading  wa*  applied  to  fast  fracture  the  akin.  Crack*  were  normal  to  the  longeron 
*o  that  the  longeron*  acted  a*  crack  barrier*. 

Figure  2Se  ihow*  flat  panel*  (tiffened  by  crack  stopper  strap*.  Six  panels  of  this  type  were 
tected,  made  from  0.071  2024-T3  sheet  with  strap*  of  various  width*  and  thicknesses  spaced  !U  inches 
apart.  The  result*  of  the  two  large  flat  panel*  with  crack  stoppers  had  indicated  that  perhaps  two  rivet 
rows  were  adequate,  but  in  view  of  the  high  rivet  loads  predicted  by  the  analysis  (Figure  16),  tests  were 
needed  to  determine  if  the  required  load  could  be  transferred  without  rivet  failure.  Nine -inch-long  saw 
cut*  were  made  in  the  skin  with  I /8 -inch -diameter  holes  drilled  at  the  end*  of  the  saw  cut  to  delay  any 
tendency  to  fast  fracture  the  skin.  Rivet  edge  distance*  were  also  varied  since  the  laree  flat  panels  had 
indicated  the  crack  stoppers  to  be  more  highly  loaded  on  the  side  from  which  the  crack  was  approaching. 
Increasing  edge  distance  would  reduce  the  tendency  to  overload  one  side  of  the  strap.  Static  loading  was 
applied  to  failure  in  all  of  the  test*.  Load  input  to  the  strap*  was  measured  by  strain  gages.  Antibuck¬ 
ling  guide*  were  used  on  these  tests. 

Figure  25f  show*  30-inch-wide  u.  stiffened  panel*  loaded  uniaxially.  During  the  early  testing 
on  the  DC -8  where  *aw  cut*  were  used,  fracture  toughne**  had  been  determined  for  2024-T3  where  the 
fracture  had  been  initiated  by  a  saw  cut.  Prediction*  were  that  for  thi*  material,  no  difference  existed 
between  fracture  from  a  *aw  cut  and  fracture  from  a  fatigue  crack.  Two  panels  were  tested  for 
residual  strength,  one  with  a  saw  cut  9  inches  long  and  the  other  with  the  same  length  of  fatigue  crack. 

Figure  25g  shows  one  of  five  small  panel*  which  had  been  cut  from  the  fractured  panels  shown 
in  Figure  25e.  The  purpo»e  of  these  panel*  wa*  to  determine  the  ee— u  _•  • 

Ai-‘ ~:+  - ^  __  were  mgniy  loaded  and  the  possibility 

existed  that  these  rivet*  could  yield  and  redistribute  toad  to  the  rivets  away  from  the  crack.  Strain 
gages  were  installed  between  rivets  and  the  load  applied  to  the  strap  to  failure.  These  panels  were 
intended  to  simulate  the  case  where  the  crack  had  propagated  beyond  the  crack  stopper 

Figure  25h  shows  one  of  16  small  unstiffened  cylinders  24  inches  in  diameter  and  48  inches 
long,  made  from  0.032  2024-T3  sheet.  The  purpose  of  these  tests  wa*  to  qualitatively  assess  the  effects 
of  shear  and  axial  compression  combined  with  pressure.  The  setup  for  testing  the  cylinders  is  illus- 


*:s> 


(rated  tn  Figure  28.  An  internal  pressure  source  was  provided  by  water  and  compressed  air.  Torque 
loading,  applied  to  the  top  of  the  cylinders,  was  provided  by  two  servo-controlled  hydraulic  jacks.  The 
system  was  capable  of  applying  cyclic  or  static  pressure  and  torque  loading  simultaneously.  Both 
torque  and  pressure  loading  were  monitored  and  recorded  using  oscillograph  instrumentation.  Axial 
constraint  was  provided  on  some  of  the  cylinders  by  using  long  steel  bolts  to  hold  the  two  end  flanges 
together.  Relief  to  the  axial  tension  stress  due  to  pressure  or  the  application  of  axial  compression 
stress  was  provided.  Rosette  strain  gages  located  on  the  cylinders  were  continuously  recorded  using 
oscillograph  recorders.  Longitudinal  fatigue  cracks,  initiated  from  saw  culs,  were  propagated  to  pre¬ 
determined  lengths  by  cyclic  pressure  loading.  The  test  procedure  subsequent  to  this  operation  it  listed 
in  Table  7. 


FIGURE  28.  TEST  FIXTURE  FOR  24-INCH  DIAMETER  CYLINDERS 


TFST  RESULTS 

Flat  Panels  with  Longitudinal  Cracks 

The  results  of  tests  on  the  120-inch-wide  flat  panels  are  shown  in  Table  3.  Symbols  not  yet 
defined  and  used  in  the  tables  are: 

aae  =  Half  crack  length  at  crack  arrest  from  calculation 
tj-c  =  Half  crack  length  at  failure  from  calculation 
°Rc  =  Gross  stress  at  failure  from  calculation 

Test  val-  es  are  the  same  with  a  sub  T  replacing  the  sub  c.  Fracture  t'Ughncss  Kc'-,  listed  for 
pane*-  *  — **  *.  tests  1  and  2.  oanel  3  test  l,  and  the  first  part  of  test  2  on  panel  6,  is  the  maximum  value 

•  ppuvM  isastswts.  — -  *  ..  — - -  '*  - — ■  t-.e— -i;-  *-  -~.T  rnr»  tey*.-!.-.,  C. 

the  frame,  central  to  the  crack,  was  reinforced  locally  so  that  frame  tatlure  wouio  not  imtnc, 
the  skin  critical  criteria.  Analysis  had  indicated  (Table  2)  that  the  frame  could  fail  prior  to  the  skin 
and  this  was  substantiated  very  accurately  by  the  strain  gages  on  panel  4.  Analyses  were  performed  to 
account  for  the  reinforcing  so  that  accurate  Rr.  values  shown  in  Table  8  were  available  to  determine 
Kc  :  .  Final  failure  of  panels  1,  2,  3,  4  and  6  was  due  to  skin  fast  fracture  during  static  loading.  In  all 
cases  where  cracks  had  terminated  in  rivet  holes  c-'clic  loading  was  appli'd  to  restart  a  fatigue  crack. 
Final  failure  of  panel  5  was  due  to  outer  crack  rt  r  failure.  Test  2  wa  -erformed  on  panel  6  with 


TABLE  7 

TEST  PROCEDURE  FOR  24  IN.  DIAMETER  UNSTIFFENED  CYLINDER  TEST 


CYLINDER 

NUMBER  TEST  PROCEDURE 

1  CVCii  PRESSURE  LOADING  UNTIL  fAILUHt 

2  INCREASE  PRESSURE  IN  INC.4I  ME  N 1 5  TO  FAILURE 

3 

4 

*  INCREASE  TOROUE  ANO  PMFSSUHE  IN  INCREMENTS  TO  FAILURE  TORQUE  PRESSURE 

•  RATIO  *  7 TbO  IN  3 


•  INCREASE  PRESSUR4  TO  STAB'U/t  THE  CYLINDER  TIGHTEN  OOWN  THE  TIE  BOLTS 

•  TO  PROVIDE  AXIAL  CONST  RANT  INCREASE  PRESSURE  TO  FAILURE 

10 

tl 

12  NOLO  PRESSURE  OONST ANT  CYCLIC  TORQUE  APPLIED  FROM  ZERO  TO  A  TORQUE/ 

13  PRESSURE  RATIO  OF  7750  i><  3  UNTIL  FAILURE 

14 

1»  INCREASE  PRESSURE  TO  STABILIZE  THE  CYLINDER  INCREASE  TORQUE  TO  A  CON 

If  STANT  VALUE  CYCLE  THE  PRESSURE  BE  TWEE  N  f  5  PSI  ANO  1 3  9b  PSl  FOR  CYLINOIR 

15  AND  BETWEEN  BO  PSi  ANO  21  PSI  FOR  CYLINDER  16 


TABLE  8 

TEST  RESULTS  FOR  120-IN.-WIDE  FLAT  PANELS  WITH  LONGITUDINAL  CRACK 


PANELS  1  TO  5  0  071  IN  7075  T73  MATERIAL 
PANEL  6  0.071  IN.  2024  T  3  MATERIAL 
ALL  CRACKS  PARALLEL  TO  GRAIN 


HALF 

CALCULATED 

TEST 

TEST/CAI  CULATED 

PANEL 

TEST 

GROSS 

CRITICAL 

NO. 

NO. 

STRESS 

CRACK 

"« 

C 

K* 

•ac 

*Fc 

°ReAT 

*«T 

•it 

*rt*t 

•aT^ac 

**FT^*Fc 

°RT/0R* 

ifsii 

LENGTH 

(IN.) 

ON.) 

FAILURE 

(INI 

ON.) 

FAILURE 

(INI 

(IN.) 

ON.) 

(INI 

1* 

19  410 

890 

1.145 

1.006 

>  91  000 

2* 

19410 

8.90 

1.145 

1.006 

>  91  000 

1* 

22  000 

890 

1.145 

1.006 

>103  137 

2 

2* 

20  888 

8.90 

1.145 

1906 

>  97  929 

3** 

17  300 

18*0 

1.430 

1023 

92  000 

18.X 

21.50 

19  000 

1963 

21.48 

18  476 

1  072 

0.999 

0.P72 

I* 

19410 

890 

1  145 

1.006 

>  91  000 

3 

19  124 

1205 

1250 

1.012 

98  200 

70  08 

210 

19  700 

70  08 

20. m5 

19  744 

1.0 

0.974 

1.032 

4 

2* 

17000 

1750 

1.435 

1  0255 

93  400 

18.83 

21.50 

19  000 

19.63 

2097 

18  IX 

1.064 

0.975 

0953 

= 

t  -»o 

*f,  ->c* 

, .  - 

-  raWC 

-  - 

— 

... 

2b 

19  000 

16  325 

0  98 

1.0222 

>145  500 

a 

2* 

20000 

21.875 

126 

1.040 

145500 

21875 

20  000 

*ON£BA  Y  CRACK 
bTVa$A  Y  CRACK 


V 


:$7 

the  center  frame  completely  saw  cut  *nd  (Inal  failure  occurred  with  center  frame,  center  crack  (topper, 
and  one  outer  crack  (topper  failed.  Figure  29  (howa  the  crack  arreatment  after  fast  fracture  on  panel  3. 
The  fail-safe  value  of  the  aeparate  shear  clip  frame  configuration  ia  illuatrated  by  tne  crack  in  the  clip 
leaving  the  main  frame  intact.  If  the  framea  were  designed  auch  that  the  clip  were  part  of  the  main 
frame  member,  the  crack  would  have  propagated  thro  .gh  the  frame. 

Flat  Panela  with  Circumferential  Cracka 

Theae  panels  were  tested  in  a  aervo-hydraulic  universal  testing  machine  capable  of  applying 
alternating  loads  up  to  1.9  million  pounds.  Figure  30  shows  two  panels  mounted  in  the  machine. 

Two  tests  were  performed  on  each  panel  to  simulate  transverse  or  circumferential  cracka  with 
a  broken  center  loncoron.  Uniaxial  loads  were  applied  to  simulate  shell  inertia  bending  stresses  end 
axial  stresses  due  to  pressure.  Prior  to  the  start  of  each  test,  one  longeron  was  completely  sawcut 
through  and  a  crack  starter  slot  with  sharp  ends  placed  in  the  skin  directly  over  the  longeron  cut.  The 
skin  cracks  were  propagated  to  predetermined  lengths  under  constant  amplitude  stress  levels  and  then 
higher  loads  were  applied  to  represent  fail-safe  stresses.  The  main  purpose  of  the  teats  was  to  deter¬ 
mine  if  there  was  any  tendency  to  cause  a  fast  fracture  in  the  skin,  and  if  such  a  tendency  existed,  were 
the  longerons  adequate  as  natural  crack  stoppers.  The  panela  were  repaired  after  the  first  test  and 
tested  to  failure  during  the  second  test.  Figure  31  shows  Panel  12  after  the  second  test. 

The  results  of  tests  on  the  60-inch-wide  7075-T73  panels  are  shown  in  Table  9.  The  results 
of  testing  on  the  four  2024-T3  panels  are  shown  in  Figures  32  through  40. 

During  Teat  1  of  Panel  11,  the  load  was  cycled  by  hand  to  give  a  maximum  gross  stress  of 
34.05  ksi  with  stress  ratio  equal  to  zero.  Seventeen  such  cycles  were  applied  which  gave  some  (.IK^  - 
type  crack  growth  data  at  extremely  high  stress  intensity  factors. 

Crack  growth  verauu  cycles  is  shown  in  Figure  32.  The  highest  stress  intensity  applied  during 
this  operation  was  163.5  ksi  J  in.  As  the  crack  tip  approaches  the  stiffener,  the  intensity  factor  K  is 
reduced  for  the  same  gross  stress,  due  to  load  transfer  into  the  stiffener.  Figure  33  shows  the  sawtooth 
appearance  of  the  fracture  during  the  seventeen  high  load  cycles. 


FIGURE  29.  ARREST  OF  TWOBAY  LONGITUOINAL  CRACK  AFTER  FAST  FRACTURE.  TEST  2.  PANEL  3 
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FIGURE  3G  TEST  PANELS  MOUNTED  IN  1.5-MILUON-LB  MACHINE 


The  only  fa»t  fracture  experienced  on  the  2024 -TJ  panel*  occurred  during  Teat  2  of  Panel  11, 
The  reault*  are  ahown  in  Figure  34.  Faat  fracture  occurred  at  a  groaa  atreaa  of  40.0  kai  and  a  crack 
length  of  12.41  inches  giving  a  critical  atreaa  intenaity  faccor  Kc  and  fracture  toughneaa  for  the  material 
of  192.43  kai  /  in.  The  faat  fracture  waa  arreated  at  a  crack  length  of  14.75  inchea.  At  thi*  point,  a 
further  longeron  waa  aaw  cut  and  the  akin  crack  extended  aymmelrically  about  two  broken  longerons’  to 
25.0  inchea.  Final  failure  occurred  at  a  groaa  atreaa  of  27.92  kai  and  a  crack  length  of  25.69  ii.chea. 

During  the  firat  teat  on  Panel  12,  atatic  load*  were  applied,  increaaing  in  magnitude  as  ahown 
in  Figure  35.  Slow  atable  crack  growth  waa  meaaured  at  each  Increment  during  atatic  load  application. 
Conaiderable  retardation  in  crack  propagation  was  experienced  when  cycling  waa  resumed  after  each 
high  atatic  load  application.  Fast  fracture  of  the  skin  did  not  occur  during  any  of  the  hich  load  «ri.. 

•  »»■.  r  _  .  r.  , _  ... 

Figure  36  shows  the  results  of  the  second  test  on  Panel  12.  Higher  cyclic  stresses  were  applied 
and  also  static  load  applications  with  higher  cjack  tip  stress  intensity  factors.  The  highest  K  value 
reached  without  fast  fracture  was  168  ksi  /"in.  at  Point  F.  Hand  cycling  at  high  stress  intensity  factors 
was  performed  on  Panel  13,  Tests  1  and  2,  and  on  Panel  14,  Test  1  as  shown  in  Figures  37,  38  and  39. 
During  Test  2  of  Panels  13  and  14,  a  second  longeron  was  saw  cut  and  the  skin  damage  extended  to  three 
bays.  The  gross  stress  at  failure  of  Panels  13  and  14  was  33.  97  ksi  and  34.  29  ksi,  respectively. 


FIGURE  31.  PANEL  12  AFTER  FINAL  FAILURE 


TABLE  0 

TEST  RESULTS  FOR  60-IN.  WIDE  FLAT  PANELS  WITH  CIRCUMFERENTIAL  CRACK 

0.071  IN  7076  T73  SKIN  MATERIAL 
CRACKS  TRANSVERSE  TO  GRAIN 


HALF 

CALCULATED 

TEST 

TEST/CALCULA1ED 

PANEL 

TEST 

GROSS 

CRITICAL 

NO. 

NO. 

STRESS 

CRACK 

Rct 

C 

aac 

*Fc 

"Rc  AT 

aaT 

aFT 

"rt  at 

a«T/a*c 

aFT/aFc 

°RT/oRc 

(PSII 

LENGTH 

(IN.) 

(IN.) 

FAILURE 

(IN.) 

(IN.) 

FAILURE 

(IN.) 

(IN.) 

(IN.) 

(IN.) 

1 

26  160 

4.040 

0.870 

1 .0064 

104  368 

8. 100 

8.095 

0.909 

2 

26  640 

4.123 

0.876 

1.0067 

110  627 

8.100 

9.000 

30  ICO 

7.688 

8.166 

31  200 

0.949 

0.906 

1.036 

, 

23  060 

3.276 

0.770 

1 .0036 

97  860 

7.760 

7.676 

0.990 

2 

23  100 

3.626 

0.780 

1,0044 

100  942 

7,600 

8.900 

28  700 

7,600 

8.360 

29  600 

1.000 

0.938 

1.031 

9 

1 

23  100 

3.500 

0.860 

1.0128 

91  760 

7,700 

7.376 

0.968 

2 

28  800 

2.440 

0.810 

1 .0020 

98  213 

8.260 

9.000 

29  600 

7.600 

9.140 

29  600 

0.921 

1.016 

1.000 

1 

24  000 

1.860 

0.686 

1,0012 

84  973 

7.900 

7.266 

10 

2 

24  800 

1.606 

0.670 

1,0009 

83  318 

8.200 

8.810 

27  600 

7.660 

8.810 

27  800a 

0.921 

1.000 

1.010 

i'  i.v;-  hKAcrnii:  m  mxr  m.wnw.x  mu  i-  uimr  -ir  .i  anoss  sthkss  m  mi  tsi  with  tutu  crack  i.warn  .v.n  r  i\.  axd  okh  mmx  imwemos. 
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FIGURE  33.  SAW  TOOTH  APPEARANCE  OF  CRACK  DURING  PROPAGATION  AT  HIGH  STRESS  INTENSITY 
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FIGURE  36.  TEST  RESULTS,  PANEL  12  -  TEST  2 
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FIGURE  37.  TEST  RESULTS,  PANEL  13  -  TEST  1 
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FIGURE  40.  TEST  RESULTS,  PANEL  14  -  TEST  2 


Verification  of  Eq  (15),  which  gives  the  stress  intensity  at  the  onset  slow  stable  growth  as  a 
function  of  the  plastic  zone  size  from  the  previous  high  load  cycle,  is  shown  in  Figure  41a.  It  can  be 
readily  seen  that  the  onset  of  slow  growth  is  a  function  of  previous  load  history  and  does  not  occur  at  a 
constant  value.  Figure  41b  shows  an  enlargement  of  the  crack  growth  versus  hand  cycles  for  Panel  13, 
Test  2,  illustrated  in  Figure  38.  A  previous  high  load  cycle  had  been  applied  at  point  B  of  Figure  38  up 
to  a  gross  stress  of  40.05  ksi  and  stress  intensity  of  190  ksi  J  in.  Hand  cycles  p,t  a  gross  stress  of 
36.0  ksi  were  subsequently  applied  with  growth  rate  retarded  by  the  previous  high  load.  Figure  41b 
shows  a  sharp  increase  in  growth  rate,  as  retardation  ceases,  at  a  crack  length  of  12.  86  inches.  The 
crack  length  at  which  retardation  should  cease  (predicted  from  Eq  (14)  and  (15)  is  12.96  inches,  indicat¬ 
ing  close  agreement  between  analysis  and  test. 
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(a)  ONSET  OF  SLOW  CRACK  GROWTH 


FIGURE  41.  ONSET  OF  SLOW  GROWTH  AND  CRACK  GROWTH  RETARDATION 
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(b)  TERMINATION  OF  CRACK  GROWTH  RETARDATION  FROM  PANEL  4  -  TEST  2 


FIGURE  41.  ONSET  OF  SLOW  GROWTH  AND  CRACK  GROWTH  RETARDATION  (Continued) 


Figure  42  shows  crack  growtn  rate  da/dN  versus  AK  taken  from  all  the  tests.  The  data  shown 
are  not  subjected  to  retardation  due  to  high  load  cycles,  having  been  tested  by  Eq  (14)  and  (15).  The 
data  are  (AK)„  -type  growth  data  where  each  cycle  Is  subjected  to  preload  from  the  previous  load  cycle, 
or  constant  cycle  data.  Values  are  shown  up  to  extremely  high  AK  values  where  K  is  approaching  Kc 
for  the  material.  Equations  of  the  Paris  form,  such  as  Equation  10,  have  been  written  to  fit  the  data 
and  it  can  be  seen  that  a  different  equation  la  necessary  when  stress  intensities  approaching  instability 
are  applied.  Figure  43  shows  the  same  data  with  an  equation  of  the  Forman  type,  such  as  Eq  (11), 
written  to  fit  the  data.  It  can  be  seen  that  a  better  fit  is  obtained  In  the  region  where  stress  intensities 
are  approaching  Kc  for  the  material. 

All  of  the  stable  growth  data  obtained  from  the  panels  have  been  plotted  against  stress  intensity 
factor  K,  given  by  Eq  (1).  Curve  A  of  Figure  44  represents  data  with  the  skin  crack  4-13/16  inches 
from  the  lateral  frame  stiffeners  and  Curve  B  represents  data  for  the  crack  midway  between  stiffeners. 
Considerably  more  lateral  buckling  of  the  sheet  is  experienced  for  the  type  A  crack  which  causes  a 
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FIGURE  42.  CRACK  GROWTH  RATE.  2024-T3  CLAD  SHEET  0.071-THtCK  FITTED  TO  PARIS'  EQUATION 
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FIGURE  44.  SLOW  GROWTH  VERSUS  STRESS  INTENSITY  FACTOR  (2024-T3  CLAD  SHEET) 

greater  amount  of  crack  extension  per  kal  /  in.  of  «tre»a  intensity  factor  change  due  to  Interaction  of 
Mode  III -type  stress  intensity.  The  significance  of  the  curves  can  be  illustrated  by  the  following  example. 

Consider  the  tower  edge  of  the  scatter  band,  Curve  A.  The  crack  is  stable  under  a  stress 
intensity  of  100  k«i  Mn.  If  the  load  is  increased,  slow  growth  will  take  place,  and  at  130  ksi  /Tn. , 
with  AK  equal  to  30  ksi  ,/lrv. ,  the  half  crack  extension  As  will  be  0,5  inch. 

Because  of  the  similarity  of  the  slow  stable  growth  curve  to  a  stress  strain  curve,  an  equation 
similar  to  the  Ramberg-Osgood  equation  (19)  has  been  used  to  fit  the  lower  edge  of  the  scatter  band. 

This  equation  is  represented  by  the  dotted  line  in  Figure  44. 

The  onset  of  slow  stable  crack  growth  is  shown  to  be  at  K  »  57  ksi  fTru  But  this  is  due  to  the 
limitations  of  the  test  data.  It  is  hypothesised  that  slow  stable  growth  would  start  as  soon  as  load  is 
applied,  provided  a  fatigue  crack  could  be  formed  at  a  maximum  stress  Intensity  of  *ero,  which  would 
be  difficult.  It  has  been  shown  by  Eq  (15)  that  the  onset  of  slow  stable  growth  is  a  function  of  the  stress 
level  previously  applied.  For  example,  If  the  maximum  stress  intensity  at  which  crack  propagation 
has  taken  place  were  2  ksl  /"Im,  then  the  onset  of  slow  growth  would  be  2  ksl  /In’. ,  and  if  the  crack 
had  been  propagated  at  a  maximum  etreee  Intensity  of  30  kel  /In,,  the  onset  of  slow  g»owth  would  be 
30  ksl  /  im  In  view  of  this,  the  family  of  curves  his  been  plotted  as  shown  In  Figure  45,  These  curves 
are  based  on  Curve  A  of  Figure  44  and  give  the  amount  of  hall-crack  extension  per  cycle  versus  stress 
intensity  factor  range  (AK)j  as  a  function  of  the  stress  intensity  at  the  ons  t  of  slow  stable  growth  KgQ. 
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FIGURE  45.  SLOW  GROWTH  VERSUS  STRESS  INTENSITY  FACTOR  RANGE  BASED  ON  CURVE  A 

It  c»n  be  readily  seen  by  comparing  the  (AKlj  -type  growth  of  Figure*  44  and  45  to  the  (4K)4  -type  growth 
of  Figure*  42  and  43  that  considetable  error  would  be  experienced  if  an  equation  *uch  a*  Forman’* 
equation  were  u«ed  for  »pectrum  loading,  where  the  parameter*  had  been  obtained  from  constant  ampli¬ 
tude  data.  Considering  Figure  24b,  cycle  EG,  Forman'*  equation  could  be  used  from  E  to  F,  but 
between  point*  F  and  G  where  stable  growth  i«  taking  place,  data  *uch  as  that  shown  In  Figure  44  should 
be  used.  The  dividing  line  between  (AK)j  and  (iK),  type*  of  growth  should  be  determined  by  an  equation 
such  as  Eq  (15).  The  error  may  not  be  us  pronounced  in  more  brittle  materials  with  lower  fracture 
toughness  values,  but  it  it  suggested  that  this  phenomenon  needs  to  be  accounted  for  in  crack  propaga¬ 
tion  ana!)tit  of  ductile  material*  such  as  2024-T3. 

In  recent  publications*0"  21,  the  onset  of  stow  stable  growth  ha*  been  included  in  the  residual 
strength  diagram  for  akin  fracture  criterion.  This  diagram  shows  two  curves,  one  o'  which  is  based 
on  Kc,  the  'racture  toughness  of  the  material,  snd  the  other  based  on  Kj  described  in  Reference  21  a* 
the  threshold  of  slow  crack  growth  and  referred  to  ‘n  this  paper  a*  Ksc*  However,  the  lower  curve, 
desorbing  the  c.ack  length  at  which  stable  growth  **  initiated,  cannot  be  entirely  a  function  of  the 
miteritl  properties  but  in  fact  mutt  be  a  function  of  the  previous  loading  history. 

Consider  Figure  46.  The  upper  Curve  x  hat  been  plotted  for  Test  Fanel  11  using  a  fracture 
toughn-ss  va'oe  K-  of  192.43  ktl  J\n.  determined  from  Test  2,  shown  in  Figure  34,  and  Rct  values 
from  Table  4,  for  Case  15.  The  lower  curve  is  plotted  for  the  stress  intensity  at  the  thresnold  of  slow 
stable  growth,  shown  in  Figure  44  as  57  ksi  which  was  limited  by  test  data  and  may  be  lower  as 

previously  explained. 

Consider  ‘.he  hypothetical  case  where  a  crack  had  been  propagated  at  a  gross  constant  ampli¬ 
tude  maximum  stress  of  20.4  ksi,  or  lower,  to  a  half  crack  length  a  of  1.5  inches.  On  increasing  the 
gross  stress  level,  slow  growth  will  start  to  take  place  at  20.4  ksi  (as  shown  by  point  A  of  Figure  46) 
and  follow  curve  AB  (obtained  from  Figure  45)  until  point  B  is  reached,  where  fast  fracture  will  occur. 

If  on  the  other  hand  the  previous  maximum  constant  amplitude  stress  was  32.0  ksi,  then  slow  growth 
would  not  start  until  32.0  ksi  had  been  reached  at  p  dnt  C  in  Figure  46  and  would  follow  curve  CD  where 
fast  fracture  would  take  place  at  D.  This  hypothesis  is  substantiated  to  some  extent  by  the  results  of 
Test  2  on  Panel  II  shown  in  Figure  34.  A  crack  uaa  been  propagated  to  a  hrlf-crack  length  a  of  2.69 
inches  at  a  maximum  «ross  stress  of  22.0  ksi.  Stake  load  was  gradually  applied  from  zero  and  slow- 
crack  growth  started  io  occur  at  23.32  ksi  show."  by  point  G  in  Figure  46. 

Theoretically,  to  satisfy  Eq  (14)  and  (15),  slow  grow»h  «beUld  havr  ->ccurred  at  22  ksi  at 
e  u..*  *c-  .....  i.  -m.ii  »  a . a  »>*rt  *t  k  on  curve  Y.  Slow  erowth  continued  as 

tne  gruss  *ue»*  we*  ,**  -j  —  -  -  —  -  -  * - ...  - — - r — — -  — » - - -  - 

occurred  and  the  crack  was  arrested  at  point  I. 

Curve  Y,  therefore,  has  meaning  only  if  the  intersection  ol  the  nuxi-im  gross  stress  at  which 
previous  propagation  has  taken  place  and  the  half-crack  length  fall  below  the  curve.  It  has  been  pre¬ 
viously  pointed  out  tnat  the  threshold  of  slow  growth  may  in  fact  be  as  tow  as  the  lowest  stress  tevel  at 
which  it  is  possible  to  .nanufac'ure  a  fatigue  crack. 
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FIGURE  46.  GROSS  RESIDUAL  STRENGTH  AND  THE  THRESHOLD  OF  SLOW  CRACK  GROWTH 


Curved  Panel* 

The  teat  reault*  for  curved  panel*  IS  and  16  are  listed  in  Table  10.  Four  test*  were  completed 
on  panel  15.  Saw  cut*  were  made  in  the  *kin  in  a  longitudinal  direction,  1  inch  away  from  a  longeron 
In  all  caa**.  Crack*  were  propagated  to  predetermined  length*  under  cyclic  loading  and  static  load 
val  applied  to  cause  fast  fracture.  The  akin  stresses  are  function*  of  both  pressure  P  and  axial  load 
per  inch  of  length  Nx  due  to  Poisson's  ratio  effects  of  the  biaxially  loaded  skin.  The  equations  governing 
the  stresses  are  determined  using  the  methods  of  Fluggr.22  Tests  1  and  3  were  performed  with  pres¬ 
sure  load  only  while  axial  load  was  present  in  the  case  of  tests  2  and  4.  Fast  fracture  of  the  crack* 
occurred  for  all  test*  on  panel  15  and^in  each  case  the  cracks  were  arrested  at  the  frames.  It  can  be 
seen  that  the  value  of  Kc4  is  effectively  increased  by  8  percent  when  an  axial  stress  of  2,500  psi  is 
present  and  23  percent  with  an  axial  stress  of  28,495  psi.  Axial  compression  stress  parallel  to  the 
crack,  which  normally  cause*  buckling,  is  minimized  by  axial  tension  stress  and  would  be  entirely 
cancelled  out  in  the  case  of  test  4.  Figure  47  shows  the  crack  arretted  between  rivets  after  test  1  of 
panel  15. 


The  crack  stopper  was  completely  saw  cut  and  a  cut  made  in  the  skin  in  a  longitudinal  direc¬ 
tion  on  panel  16.  Cyclic  loading  was  applied  to  propagate  the  crack  and  several  attempts  were  made  at 
various  crack  lengths  to  cauee  fast  fracture.  The  value  of  Kc*  listed  in  Table  10  for  test  1  on  panel  16 
is  the  maximum  stress  intensity  applied  without  fast  fracture  at  the  most  critical  crack  length.  The 
center  frame  was  completely  cut  for  test  2  and  the  skin  crack  extended  to  a  43-inch  length.  Failure 
occurred  at  11.8  psi  pressure  due  to  outer  crack  stopper  failure.  Just  prior  to  failure,  the  stress 
intensity  in  the  skin  was  as  listed  for  Kc*  during  test  2.  Analysis  case  9  of  Table  2  predicts  a  crack 
stopper  stress  of  183,  000  psi  with  total  crack  length  45  inches  and  gross  stress  16,  300  psi.  Typical 
values  of  Ftu  from  coupon  tests  show  as  high  as  167,000  psi  for  titanium  8-1-1  so  that  the  analysis  was 
10  percent  conservative. 

A  two-bay  circumferential  crack  test  with  a  broken  central  longeron  was  conducted  on  panel  lc. 
The  equations  governing  the  skin  and  longeron  axial  stresses,  accounting  for  Poisson's  ratio  effects22 
are: 


•«skin  “  l,-25N«+  ‘26.8  P 
,xlong  *  H.88  Nx- 298.6  P 

Several  attempts  were  made  at  total  crack  length*  up  to  16.0  inches  to  cause  fast  fracture  with 
axial  load  Nx  -  2420  Ib/in.  and  pressure  P  =  9.  1  psi.  Skin  stress  was  28,  380  psi  and  longeron  stress 
23,600  psi.  The  maximum  value  of  Kc*,  determined  without  fast  fracture,  was  >131,  700  psi  /7n7 
During  this  test  it  was  not  intended  to  fail  the  panel  but  m«rel«  s.->  «Kn»  -  static  capsbiMtv  ;>  —■ 


L'nstiffened  Cylinders 

The  prime  purpose  of  this  series  of  tests  was  to  investigate  the  effects  of  shear  combined  with 
pressure  on  the  residual  strength  of  a  cracked  cylinder.  The  intention  was  *o  determine  if  the  gross 
principal  stress  at  failure,  calculated  from  condition  C  of  Figure  48,  could  be  compared  to  the  gross 
allowable  s.ress  obtained  from  condition  A.  As  ihe  presence  of  the  biaxial  tension  stress  o/^  improves 
the  gross  strength  by  cancelling  some  of  the  compression  sir  ess  parallel  to  the  crack  edge,  it  would  be 
more  reasonable  to  determine  the  principal  stress  from  condition  B,  negl-cting  the  axial  stress  ap^. 
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TEST  RESULTS  FOR  LONGITUDINAL  CRACK  TESTS  ON  CURVED  PANELS 


PANEL  IS 
PANEL  IS 


0  080  7075  T7  3 
0  083  2024  13 


CALCULATED 


PANEL 

NO 

TEST  P 

NO  IPSO* 

% 

(PSD* 

0 

■ 

(PSII* 

*. 

(IN.)* 

c 

PSI 

V  IN. 

JR« 

(PSII* 

•.« 

(IN  > 

St 

• 

*.T  " 

s 

case' 

128 

14912 

0 

7  235 

1  076 

1  0023 

66  460 

14  750 

10.60 

1006 

0  95 

11 

2* 

13  36 

IS  622 

2500 

8050 

i  <r,. 

1  0028 

72  000 

16  000 

1006 

1006 

10 

11 

15 

3" 

10  80 

12  600 

0 

12.10 

1.21sl 

10064 

65  114 

13  300 

1960 

19  88 

1  014 

2 

4h 

1155 

15  380 

28  495 

12-625 

1.230 

1  0072 

80  573 

16  500 

19  50 

19  .K 

1.019 

2 

V 

12.1* 

16  TOO 

0 

13  148 

1240 

1.0075 

>86  000 

R 

16 

2* 

III1 

16  330 

0 

21  50 

t  724 

1.0200 

>  81  544 

9 

sou  s 

* 

PRt  SSI  PU  AT  1  AS  1  »  RA< 

;t  ri  ,  ai  il  vpis  ai  east 

1 

ONt  KAYl  RAt  K 

1  HAITI’ HI  AND  1  AILIRI 

h 

IWO  HAYCRACK  Will! CENTER  ERAMt  INTACT 

b 

„h  -  ll(K>P  SIRE  SS  NORMAI.  IO<  RACK  •  HASP  < 

•l>S9?S* 

i 

TWO  RAY  CRACK  WITIICENIER  1  RAME  INIACI  AND  CENTER 

lUR  PANEL  IS  ANIl  I  SKIP  •  OS1HN,  KM  PANEL  It 
«,  ■  AXIAL  SIRESSPARAII.I  l  IIHIAU  •  UN,  ♦  111  P 
KM  PAM  L  IS 

CRACK  II  SI. Ill  AT  I  AS!  I  RAC1CRI  .  ATM  APIA  AT 
I- AM  I  R  AC  1 1  RE  OR  EAlll'RI 

■  C.ROSS  (  All  . . IIXIPS’RISS  At  EAIIURE. 

Rf  I  IRISH  I  AM  I  I 

C  *  9  •? 


CRACK  sroPPLR  Cl)T 

TWO- RAY  CRACK  WITH  DOTH  CENTER  FRAME  ANI)  CRACK 
SIOPP1  RIVE 

MAM  CUM  PRESSURE  APPLII  I)  WITHOUT  EAST  FRACTURE 
I  AILLRt  OCCURRED  DUE  10  OUTER  CRACK  STOPPE  R 
lAIIURl: 


FIGURE  47.  VIEW  OF  PANEL  15  SHOWING  ARRESTMENT  OF  ONE-BAY  CRACK 
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FIGURE  46.  PRINCIPAL  STRESS  EQUATIONS  FOR  CASES  A,  8  AND  C 


The  terms  appearing  In  Figure  48  are  defined  aa  follows! 

»  Hoop  stress,  pal 
o\  *  Axial  stress,  pal 
t  «  Shear  atreea,  pal 
ap  5  Principal  atreea,  pal 

The  reaulta  of  the  teata  are  shown  In  Table  1 1  and  plotted  In  Figure  49.  It  can  be  aeon  by 
comparing  the  reaulta  of  the  drat  ilx  cylinder!  In  Table  7,  that  the  presence  of  uhoar  reduenn  the  proas 
residual  strength,  Comparing  principal  atreaa  ut  failure  of  cylinders  with  applied  shear  to  the  allow¬ 
ables  for  cylinders  without  shear  la  conservative.  However,  the  calculation  of  principal  atreaa,  nog- 

O  CONDITION  A  OP  FIQ.  34  CYLINDERS  1,  3,  .1  AND  4 

□  CONDITION  B  OP  PIQ,  34  CYLINDERS  8,  6.  7,  13,  13,  14,  16  AND  16 

A  CONDITION  C  OP  PIQ,  34  CYLINDERS  5,  6,  7,  13,  13,  14,  IE  AND  16 

▲  CYLINDER  8  RELIEF  OF  AXIAL  STRESS  TO  467  PSI 
®  CYLINDER  9  RELIEF  OP  AXIAL  STRESS  TO  1336  PSI 
0  CYLINDER  10  AXIAL  COMPRESSIVE  STRESS  -2650  PSI 
Q  CYLINDER  11  AXIAL  COMPRESSIVE  STRESS  -2685  PSI 


TOTAL  CRACK  LENGTH  (IN.) 


FIGURE  49.  TEST  RESULTS  FOR  24-IN.-DIAMETER  CYLINDER 
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TABLE  11 

TEST  RESULTS  OF  24-IN  DIAMETER  CYLINDERS 
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CONDITION  DEFINITION 


F  *  STATIC  PRESSURE  ONLY 
P*T  •  ST A  TIC  PRESSURE  *  ST  A  TIC  TORQUE 
P*C  -  ST  A  TIC  PRESSURE  *  COMPRESSION 
P*  T  *  STATIC  PRESSURE  *  CYCLIC  TORQUE 
_  P(*  T  •  CYCLIC  PRESSURE  *  ST  A  TIC  TORQUE 


lectinK  axial  »trc»»  (as  in  case  B  of  Figure  48)  give*  *  closer  approximation  to  condition  A  than  the 
calculation  of  principal  stress  from  condition  C. 

Rivet  Shear  Deflection  Test  Results 

In  order  to  verify  the  rivet  deflection  Eq  (3)  and  (5)  for  titanium  and  aluminum,  several  small 
tests  were  performed  on  lap  splice  specimens.  Each  specimen  consisted  of  a  strip  of  bAl-*V  single 
annealed  titanium  which  was  riveted  to  a  strip  of  0.071  2024-T3  clad  shee  using  RV-5  197-6  counter¬ 
sunk  rivets.  The  specimens  were  placed  back  to  back  as  shown  in  Figure  50  to  eliminate  local  bending. 
Three  thicknesses  of  titanium  were  used.  0.016,  0.020  and  0.025  inch.  The  extension,  under  tent  ion 
loading,  was  measured  over  a  2-inch  gage  length  using  an  extensometer.  Extension  of  the  sheet  was 
calculated  and  subtracted  from  the  overall  deflection  so  that  actual  rivet  deflection  would  be  obtained. 
The  stiffness  P/$,  where  P  is  the  applied  load  and  6  is  shear  deflection  of  the  rivet  (obtained  from  the 
elastic  portion  of  the  resulting  load  deflection  curve),  is  compared  on  Figure  50  to  the  value  calculated 
from  Eq  (3)  and  (5). 

Stiffened  Panels,  30  Inches  Wide 

The  test  results  for  these  panels  are  shown  in  Table  12.  In  all  cases,  the  strap*  failed  without 
failure  of  the  rivets.  The  maximum  load  to  be  transferred  to  a  stiap  in  the  DC-10  configuration  is 
4370  pounds  for  a  * 2.  0 -inch -iong  crack.  It  can  be  seen  from  Table  12  that  the  value  of  Pc  in  all  cases 
is  higher  than  thi  number  so  that  strap  failure  will  always  precede  rivet  failure,  even  with  two  rivet 
row's. 


TAOLU  18 

TEST  RESULTS  POR  30-IN, -WIDE  PANELS 
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Unsllffoned  I'anal*.  it)  Inch*  a  Wide 


Two  umtjlffenerf  panel*  made  from  0.071  a<)24-T.i  eUd  sheet  were  tested  (Flcure  'VI).  A 

LuLS!2drfl.»rVn.WM  ,M  lhe  flr"‘  t5ftnel  *'ut  »«»<!  »PP»i«d.  .Stow  crack  ijrnwth  took 

i!  .\!  ?„!  f  failure  occurred  at  a  Kroon  *<»•««»  of  24,600  p*t  with  the  crack  11.0  Inches  lon«.  The 
*  ,  Panfl  contained  a  Mnch-KmR  saw  out,  Static  toad  wan  applied  and  alow  growth  again  took  place 
1L..V  ,l\Uur*’  *<  th«  *»)««;  «>'«»*  "tt'eaa  of  84,600  pal.  Antlhuekllnn  guides,  net  1.0  inch 

I ?4*QOo'p»T 4  ett*fl**  ^c  a*  determined  for  the  final  crack  lenuth  from  tlq  (l)  waa 


FIGURE  bl.  TEST  SETUP  FOR  30-INCH  WIDE  PANELS 


Rivet  Shear  Load  Test 

Figure  52  gives  the  results  of  tests  performed  on  the  small  panels  shown  in  Figure  25g  to 
determine  the  crack  stopper  to  skin  rivet  shear  load. 

A  Lumped  Parameter  Analysis,  to  determine  the  rivet  shear  load,  was  performed  on  one  of 
the  panels  with  a  0.020  strap.  This  analysis  is  used  for  a  comparison  with  the  results  for  the  three 
thicknesses  of  strap.  It  is  not  expected  that  the  strap  thickness  variation,  in  the  ranges  considered, 


»• 


will  affect  the  calculated  elastic  loud  distribution  to  a  high  degree.  The  panel  was  divided  Into  liar*  and 
•hear  panel*  similar  to  *h«*e  ahown  In  Figure  7,  The  rivet  load*  wore  determined  from  (train  gage 
reading*  an  the  itvap,  I'he  ordinate  of  Flares  32a  to  52c  U  ahown  aa  (hear  flow  in  pound* /Inch  and 

•  Ince  the  rivet*  are  »paeed  1  Inch  apart,  thl*  load  would,  therefore,  be  rivet  load.  The  (hear  flow 

•  hown  Is  applied  to  two  rivet*.  Figure  82a  *how»  a  comparison  between  te*t  and  elastic  analysis  for  a 
0,025  strap,  It  can  be  seen  that  the  first  rivets  yield  at  a  load  between  3000  and  5000  pound*  and  more 
load  1*  carried  by  the  remaining  rivet*.  Yielding  occurred  very  early  for  both  the  0,020  and  0.016 
strap*  as  shown  In  Figures  52b  and  32c.  Figure  52d  shows  applied  load  versus  shear  Voad  In  the  first 
rivets  for  test*  on  two  panel*  with  O.Q28  strap*,  The  maximum  load  transferred  from  the  skin  to 
crack  stopper  for  DC- 10  loading  with  a  crack  42  Inches  long  Is  4370  pounds.  This  is  determined  from 
case  6  of  Table  l  with  cabin  pressure  9.2  p*l  and  skin  stress  80  percent  of  PR/t  hoop  stress,  where  R 
Is  118.3  Inchos.  It  can  bo  seen  from  Figure  52d  that  little  or  no  loss  In  first  rivet  load  Is  experienced 
at  this  applied  load,  However,  due  to  early  yielding  of  the  first  rivet*  In  the  0,020  and  0,016  straps 
shown  In  Figures  32b  and  52c,  a  loss  In  the  crack  tip  stress  ratio  Rct  could  be  expected  if  0,020  or 
0,016-lnch-thlck  straps  were  used, 
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FIGURE  62a.  RIVET  SHEAR  LOAD  -  ANALYSIS,  TEST  CORRELATION  -  0.026  TITANIUM  STRAP 
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FIGURE  52b.  RIVET  SHEAR  LOAD  -  ANALYSIS,  TEST  CORRELATION  -  0.020  TITANIUM  STRAP 
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FIGURE  52c.  RIVET  SHEAR  LOAD  -  ANALYSIS,  TEST  CORRELATION  -  0.016  TITANIUM  STRAP 
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FIGURE  62d.  RIVET  SHEAR  LOAD  -  ANALYSIS.  TEST  CORRELATION  -  0.025  TITANIUM  STRAP 


CORRELATION 
Skin  Criteria 

Space  limitations  prevent  illustrations  such  as  Figure  14  for  every  test.  Figure  53  shows  the 
results  of  test  2  on  panel  3.  The  shape  of  the  curve  is  determined  by  analysis  of  case  1  of  Table  1  and 
the  height  by  Kc*  at  fast  fracture.  The  curve  is  plotted  from  Eq  (8).  Correlation  is  shown  with  the 
anatysis  at  crack  arrest  and  final  failure  where  the  data  points  fall  on  the  curve.  For  other  tests  where 
fast  fracture,  arrest  and  failure  occurred,  the  correlation  is  shown  in  the  tables  of  test  results  by 
comparing  calculated  crack  arrest  lengths  and  failure  stresses  with  those  obtained  from  test. 

Frame  Criteria 

An  example  of  frame  stress  correlation  is  shown  in  Figure  54  for  panels  5  and  6.  The  outer 
cap  stresses  are  extremely  close  to  the  analysis  but  the  inner  cap  stresses  are  lower.  This  kind  of 
correlation  is  typical  of  all  the  tests  performed.  The  outer,  more  critical  cap  stresses  were  always 
extremely  close  to  the  analysis  results. 

Longeron  Criteria 

Longeron  bending  stresses  were  not  predicted  accurately  on  any  of  the  tests  on  flat  panels  7 
to  14.  Secondary  efiects  due  to  center  longeron  bending  Influenced  the  test  results.  Figure  55  shows 
that  at  some  distance  from  the  crack,  the  longeron  load  P  is  acting  at  the  centroid  of  the  section.  This 
load  is  reacted  eventually  by  the  skin  ahead  of  the  crack  and  is  thus  transferred  a  distance  e  which 
causes  the  longeron  to  bend  inwards.  The  induced  bending  in  the  center  longeron  for  a  uniaxial  loading 
case  causes  the  outer  longerons  to  be  loaded  as  shown  in  Figure  55b.  The  resultant  bending  in  the 
outer  longerons  tends  to  cancel  out  the  bending  caused  by  transfer  of  load  from  the  cracked  skin  as 
indicated  in  Table  4.  The  load  input  to  the  longeron,  however,  is  accurately  predicted  by  he  analysis 
for  the  flat  panels  as  Illustrated  by  Figure  56  for  panels  8  and  12,  If  the  panel  section  shown  in  Fig¬ 
ure  55b  were  a  section  of  a  pressurized  shell,  then  the  inward  bending  of  the  center  longeron  would  be 
relieved  by  the  cabin  pressure  and  the  loading  W,  causing  relief  to  the  outer  longeron  bending,  would 
not  be  present.  This  illustrated  by  Figure  57  which  shows  outer  longeron  stress  correlation  for  the 
circumferential  crack  test  on  panel  16.  It  can  be  seen  that  the  analysis  predicts  quite  accurately  the 
longeron  stress  for  the  pressurized  panel.  It  can  be  seen  that  testing  flat  panels  to  determine  fail-safe 


allowable  stresses  for  curved  panels  under  pressure  for  thio  condition  should  be  treated  with  caution, 
particularly  if  the  residual  strength  is  determined  by  stiffener  criteria.  The  relief  due  to  longeron 
bending  will  produce  allowable  stresses  higher  than  would  be  obtained  from  a  curved  panel  test. 
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FIGURE  68.  CENTER  LONGERON  BENDING 
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FIGURE  66.  OUTER  LONGERON  LOAD.  FLAT  PANEL  WITH  CIRCUMFERENTIAL  CRACK 


FLAT  PANEL  VERSUS  CURVED  PANEL  TESTING 

Residual  strength  and  crack  propagation  tests  are  often  performed  on  flat,  stiffened  panels  to 
simulate  fatigue -damaged  curved  pressurized  fuselage  structure.  This  method  of  testing  panels  loaded 
uniaxially  is  far  more  Inexpensive  than  testing  large  curved  stiffened  panels  under  biaxial  loading  condi¬ 
tions  combined  with  pressure. 

Much  can  be  learned  from  the  results  of  flat  panel  testing,  but  care  must  be  exercised  in  the 
interpretation  of  results.  For  example,  the  bulging  effect  caused  by  pressure  loading  when  a  longitu¬ 
dinal  crack  Is  propagated  in  a  pressurized  shell  cannot  be  exactly  simulated  by  flat  panel  testing.  The 
bulging  causes  an  increase  in  crack  tip  stress  intensity,  particularly  when  the  crack  tips  are  in  the 
region  midway  between  stiffeners.  Tests  are  often  performed  on  flat  panels  and  the  results  adjusted  by 
bulging  coefficients  similar  to  the  one  proposed  in  Reference  23, 
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FIGURE  67.  OUTER  LONGERON  STRESS  CORRELATION  CIRCUMFERENTIAL  CRACK  TEST,  PANEL  16 
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It  has  boon  shown  by  curved  panel  testing  conducted  at  Douglas  that  when  a  two-bay  longitudinal 
crack  is  propagated  with  the  center  frame  intact,  the  stress  intensity  at  tho  crack  tip  can  be  approxi¬ 
mated  to  Eq  (17),  provided  the  total  crack  length  is  divided  by  two.  The  center  stiffener  remaining 
intact  reduces  the  bulging  to  a  degree  equivalent  to  a  one -bay  crack.  This  bulging  coefficient,  however,  . 

is  only  valid  when  the  crack  tip  is  sufficiently  remote  from  the  stiffener.  It  has  been  found  that  with  a  pf 

full  two-bay  crack,  when  the  crack  tips  are  in  the  vicinity  of  the  outboard  stiffener,  the  bulging  may  be 
ignored  and  flat  panel  data  used  to  determine  residual  strength.  It  should  be  noted,  however,  that  this 
haa  only  been  substantiated  on  panels  with  titanium  crack  stoppers  located  at  frame  positions  which 
help  to  reduce  bulging  in  the  vicinity  of  the  frame. 

Figure  68  shows  a  comparison  between  crack  growth  in  a  curved  panel  subjected  to  biaxial  load  t 

combined  with  pressure,  and  that  of  a  flat  panel.  The  crack  in  the  skin  extends  into  two  bays,  and  the 
center  longeron  is  broken  in  each  case.  The  panels  are  both  made  from  2024 -T3  clad  sheet  0.071  inch 
thick  with  identical  frames  and  longeron  stiffeners.  The  longeron  has  a  net  area  of  0.  3029  square  inch 
with  a  configuration  similar  to  Configuration  6  in  Figure  11,  Reference  11.  Stress  Intensity  factors  * 

can  be  determined  from  the  data  for  Case  IS  in  Table  4.  The  gross  average  axial  stress  levels  are  the 
iamt  In  each  case  with  the  same  stress  ratio  except  that  the  curved  panel  Is  also  subjecte  .  to  a  cyclic 
maximum  pressure  of  9.  3  psi.  The  crack  growth  is  faster  in  the  curved  panel  due  to  the  skin  working 
at  a  higher  stress  than  the  longeron.  In  a  pressurized  shell,  where  th.  skin  Is  biaxially  loaded  and  the 
stiffeners  are  unlaxtally  loaded,  the  skin  works  at  a  higher  stress  than  the  longeron  due  to  strain  com¬ 
patibility.  For  the  panel  in  question  the  skin  axial  stress  is  given  by 


ox#  »  9.  183  Nx  +  1.  1332  (18) 


and  the  longeron  stress  by 


jXL  «  8,  902  Nx  -  2.  OSS  N$  (19) 


where 


TOTAL 
CRACK 
LENGTH  2« 

(IN,) 


5  6  7 

CYCLES  x  10'3 


m  »w 


ftOURB  SS,  COMPARISON  OP  CRACK  PROPAGATION  CURVBO  VERSUS  FLAT  FANILS,  8KIN  MATIRIAL  SOS4  T3 


Nh  »  the  axlel  load  per  inch 

N4  5  the  radial  load  per  Inch  due  to  hoop  tension  ?  PR 
P  »  pro«»ure  (p»l) 

R  5  shell  radius  (In, ) 


LI  cft*e»  ,llp  »*Ul  »trei«  Is  16,920  psi  And  the  longeron  stress  it  U,  910  pul,  whereas 

the  »kln  And  longeron  stress  In  the  flat  panel*  are  both  15,900  p»i,  H 

CONCLUSIONS 


Fracture  mechanic*  analysis  w*«  successfully  applied  during  the  fail-safe  utrueturat  develop¬ 
ment  program  for  the  DC-10.  During  this  program,  several  factor*  were  uncovered  In  which  significant 
error  could  be  experienced  It  not  conaidered  In  analytical  procedure*, 

The  effect*  of  attachment  flexibility  on  the  *tre*a  intensity  factor*  In  stiffened  panel*  are 
significant  and  »houtd  be  accounted  for  In  crack  propagation  and  residual  strength  analyst*. 

The  threshold  of  slow  stable  crack  growth  and  the  amount  of  growth  In  2024. TS  clad  sheet  is 
almost  entirely  a  function  of  the  past  load  history,  Crack  growth  during  high  load  cycles,  where  pee- 
load  from  U\e  prtivlouM  cycle  has  been  relieved,  la  an  order  of  magnitude  greater  than  the  type  of  growth 
analysts'0*^  ^  ”g  con,lUnl  »mPlUude  loading  and  should  be  accounted  fop  m  spectrum  crack  growth 


for  curved Vh e e t  s t r u c t u * r u  1  * e d  wha"  u«l«8  result*  of  flat  panel  testa  to  predict  allowable  stresses 

.,  ,  „  T.ha.l.#,t  r”uU»  of  24-tnoh-dlameter  cylinders,  although  qualitative  due  to  tlulr  compara¬ 

tively  diminutive  alae,  do  at  least  Indicate  that  shear  stroasea  reduce  the  residual  strength  In  the 
presence  of  fatigue  cracks,  Figure  49  Indicates  that  principal  atreanes  determined  from  condition  B 
of  Figure  48  are  slightly  conservative  when  compared  to  the  allowables  determined  from  condition  A, 

It  was  decided  to  account  for  shear  by  comparing  the  results  of  panels  symmetrically  loaded  to  a 
principal  stress  determined  from  condition  B  of  Figure  48  which  neglects  axial  stress,  The  effect*  of 
*n  TabU  Vo°n  lncreiM8  allowable  stress  as  seen  from  the  results  of  tests  2  and  4  of  panel  15  Hated 

selection ^erty.o^l0of’*K°^0r  ih*?,Xhf>  on«#  mentioned  above,  influenced  tlu  final  configuration 

•election  and  some  of  theee  are  discussed  below  ae  they  apply  to  the  damage  tolerance  criteria  for 
longitudinal  and  transverse  cracks. 

Longitudinal  Cracks 

matniv  I  qT  nnn l18hlB?t  de*lgn  Principal  stress  In  the  minimum  gage  portion  of  the  shell  is  approxi- 

ttmi  9*  TB.Pti  ir"?  *  reS8  •hu‘r>  U  to  show  the  structure  to  be  fa‘f-P.afe 

■  .  i10*  *°  satisfy  foreign  requirements.  The  gross  realdunl  strength  from  flat  panels  2  3 

Tahlt  fi  thTh  nr&C|k  at°PPer*  »»d  with  7075-T73  skin,  range  from  18,  100  to  19,744  pst  assisted  In 
Table  8.  The  various  shear  clips  on  those  panels  shown  In  Table  5  and  illustrated  in  Figure  3  do  not 


vary  the  stre-gth  significantly.  The  results  of  tests  on  curved  panel  15  indicate  a  30-percent  loss  in 
strength  due  to  butging  from  pressure.  This  is  indicated  by  Kc*  values  from  flat  panels  listed  in 
Table  8,  compared  to  those  for  curved  panel  15  for  tests  without  axial  load  listed  in  Table  10.  It  rti 
be  seen  that  7075 -T73  skin  on  panels  without  crack  stoppers  would,  at  best,  only  produce  an  allowable 
gross  stress  of  13,  800  psi.  With  2024 -T3  skin  without  crack  stoppers,  using  Rct  for  a  =  21.5  of  1.81 
(from  case  1  of  Tabic  2)  and  Kc*  of  88,090  ,,.,1  yin.  (from  Table  10),  the  gross  allowable  stress  is 
just  a  little  over  19,000  psi.  In  view  of  this,  it  was  decided  to  use  both  2024-T3  skin  0.071  thick  and 
crack  stopper  straps  for  the  minimum  gage  portions  of  the  shell.  Test  2  on  panel  5  licted  in  Table  8 
had  indicated  a  gross  stress  of  25,  118  psi  could  be  applied  without  failure  of  the  crack  stopper  to  skin 
rivets.  It  was  decided,  therefore,  to  use  only  two  rows  of  rivets  since  the  lead  transfer  into  the  crack 
stopper  would  only  be  based  on  a  gross  stress  from  hoop  tension  in  the  region  of  12,000  psi.  Tests  on 
30-inch-wide  panels  listed  in  Table  12  had  indicated  that  the  required  load  could  be  transferred  to  the 
crack  stopper  with  two  rows  of  rivets.  Reducing  the  crack  stopper  thickness  from  0.025  inch  was  con¬ 
sidered  but  tests  on  panels  shown  in  Figure  25g,  with  results  plotted  on  Figures  52a  to  52c,  indicated 
that  the  first  rivets  yield  early  on  all  thicknesses  other  than  0.025. 

Figure  52d  shows  that  adequate  load  can  be  transferred  before  rivet  yield.  The  gross  residual 
strength  of  this  configuration  is  approximately  26,000  psi  using  Rct  from  case  6  of  Table  2.  Titanium 
was  chosen  for  crack  stopper  material  because  of  its  high  strength-to-weight  ratio  and  resistance  to 
fatigue  which  ensures  skin  cracking  before  crack  stopper  cracking. 


Circumferential  Cracks 

For  the  longitudinal  crack  case  2024-T3  material  had  been  chosen.  This  choice  was  sub¬ 
stantiated  by  tests  on  2024-T3  panels  11  to  14  of  Figures  32  through  40  compared  to  7075 -T73  panels  7 
to  10  of  Table  9.  Kc*  values  are  shown  to  be  almost  double  those  of  7075-T73.  Comparing  allowables 
for  the  same  longeron,  for  example,  panel  8,  using  7075 -T73,  failed  at  29,600  psi  (Table  9).  Panel  12 
with  a  simitar  longeron  but  with  2024 -T3  skin  failed  at  40,  855  psi.  Hat-section  longerons,  in  conjunc¬ 
tion  with  2024-T3,  were  therefore  chosen  for  the  circumferential  crack  condition.  This  configuration 
gives  more  than  adequate  fail-safe  capability  for  the  selected  damage  tolerance. 
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APPENDIX 

FORMAT  II  ANALYSIS 
Unit  Solution 


A  unit  solution  to  the  stress  distributions  In  an  uncracked  idealised  panel  is  obtained  using  the 
Force  Motrix  Method  of  structural  analysts,  “•  °  This  method  is  based  on  the  formulation  of  matrlc 
equations  of  equilibrium  and  MaxwalUMohr  equations  of  continuity.  A  solution  to  the  matrlc  equations 
Is  obtained  ualng  the  Second  Version  of  Fortran  Matrix  Abstraction  Technique  (FORMAT  11) * °,  The 
buslc  matrlc  equations  solved  in  the  unit  solution  by  FORMAT  U  are; 


F 

A 


fxX  4  t0 

fTDf 
o  o 


(Al) 

(A2) 


whore 


F  =  Matrix  of  element  forces  in  the  statically  indeto rminato  .'structure  resulting  from  unit 
vslues  of  external  loads 

A  .  Matrix  of  deflections  in  the  statically  indeterminate  structure  resulting  from  unit 
values  of  external  loads 

f  9  Matrix  of  eir-.er.t  forces  resulting  from  unit  values  of  the  redundancies 

X 

f  a  Matrix  of  statlcslly  determinate  element  forces  resulting  from  unit  values  of  external 
0  loads 


f* 


x  -  -<£DV‘l<fxD*o> 


I 

I 


i 


1)  s  Matrix  of  Moment  flexibilities 
The  superscript  T  represents  transposition  of  the  matrix, 

The  matrix  of  element  foree*  in  the  statically  indeterminate  structure  due  to  external  loads  is: 

FKOl  »  F,K©  (A3) 

The  matrix  of  deflection*  In  the  statically  indeterminate  structure  due  to  external  load*  is: 

BlO'KOl  »  A.KQ  (A4) 

where  KO  Is  the  matrix  of  external  load*. 

The  matrices  required  from  the  unit  solution  to  he  used  in  the  second  stage  or  modification 
analysis  uret 


Eq  (At) 
Eq  (A2) 


««» » v1 


i) 

The  matrU  of  element  forces  >  Eq  (At)  takes  the  form; 


F 


Reactions 
Oar  Force* 


m 


I  Panel  Forces 


where  m  Is  the  number  of  element  forces  and  n  Is  the  number  of  external  load  vectors.  Typical  values 
of  m  and  n  ares 

m  »  1087 

1 - Bay  Longitudinal  Crack 

n  «  43 
m  «  1233 

2 - Bay  Longitudinal  Crack 

n  »  47 
m  -  1043 

For  idealisation  of  Figure  9 

n  a  39 


Extractor  matrices  are  also  required  In  the  modification  analysis  to  extract  the  reactions,  bar 
forces,  panel  shear  forces  and  panel  shear  flows  from  the  matrix  F,  These  matrices  are  defined  in  the 
unit  analysis  and  saved  for  use  In  the  modification  analysis.  They  ate  defined  as  follows,' 

OR  a  Reaction  extractor  matrix 

QB  a  Transposed  bar  force  extractor  matrix 

QP  »  Panel  shear  force  extractor  matrix 

GFF  «  Panel  shear  How  extractor  matrix 

Element  Modification 

The  effecto  of  crack  propagation  in  the  sheet  are  determined  by  disconnecting  the  reactions  in 
the  skin  at  the  horiacntal  centerline  as  illustrated  in  Figure  9.  This  function  is  performed  by  an  ele¬ 
ment  modification  procedure  which  requires  the  solution  to  the  following  metric  equations: 

FM  »  FKOl  +  FE.C.EO  (AS) 

DM  »  DEFKOl  +  DE.C.EO  (A6) 

where 

FM  a  Matrix  of  element  forces  in  modified  structure 

DM  a  Matrix  of  element  deflections  in  modified  structure 


V* 


t 


•a 
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FKOl  «■  Matrix  of  element  forces  In  unmodified  structure 
DEFKOl  =  Matrix  of  element  deflections  in  unmodified  structure 


FE 

DE 

C 

FE 

c 

EM 


=  Matrix  of  element  forces  in  unmodified  structure  due  to  unit  deformations  of 
element*  to  be  modified 

o  Element  deflections  in  unmodified  structure  due  to  unit  deformations  of  ele- 
ments  to  be  modified 

a  Column  extractor  matrix 

-  *  ;i '«  km 

»  (f*  D  f  )“l  called  DXXINV 

-  Matrix  defining  unit  deformations  of  elements  to  be  modified 


fx  is  redefined  FX 

i  is  redefined  FO 
o 

FE  a  -FX.  DXXINV.  FXT.  EM 
DE  a  FOX  (D.  FE  +  EM) 

EO  »  ( (AD  J'1  »  R.FE.cl  R.FK01 
i  mm  i 

b  A*1.  R.  FKOl 
R  is  a  row  extractor  matrix 

<«W‘  ■  I  Dl»mll/Dll  -  "I 

b  Original  value  of  area,  thickness  or  I  value  of  element  to  be  modified 
=  Modified  value  of  area,  thickness  or  I  value  of  element  to  be  modified 


(A7) 

(A8) 

(A9) 


D 


mil 


il 


a  Value  of  original  element  flexibility  obtained  from  D  matrix  of  original  run 


For  multiple  modification,  the  basic  equations  are  expanded  as  shown.  Three  modifications  are 
demonstrated. 

A  a  |(ADmm)‘*  -  {RmrrVj.  FE.  Cmm^  +  Rmmj.FE.Cmm^  +  Rmrrij.  FE.  Cmm^)] 

EOM  a  A-1  (Rmmj  +  Rmir^  +  Rmmj)FK01 

FMM  =  {fKOI  :  FKOl  :  FKOl]  +  FE  [cmmjEOM  :  Cmn^EOM  :  CmmjEOM] 

DMM  a  | DEFKOl  :  DEFKOl  :  DEFKOl  ]  +  DE  [cmmjEOM  :  Cmtr^EOM  :  CmmjEOMj 
These  equations,  written  generally  for  r  modifications,  are: 


A  a  (AD  ) 
'  mm 


-1 


(Rmmr,  FE.  Cmm^) 


■  1 


(Rmm  )FK01 

Y 


EOM  =  A”* 

FMM  =  [  FKOl  :  FKOl 


•  +  FE  Cmm.EOM  :  Cmm.EOM  -  — 

r  1  2  Jr 


(A10) 

(All) 

(A12) 

(A13) 


areas  and 


DMM  a  [  DEFKOl :  DEFKOl - jr  +  DE  [cmrrijEOM  :  CmmjEOM - ]  f 

For  a  problem  which  includes  only  disconnecting  reactions,  ADmm  is  infinitely  large 
[(AD-^m)**  =  0]  and  is  therefore  neglected.  However,  the  capability  exists  to  change  bar  ar< 
panel  thicknesses  by  retaining  ADmm. 

The  number  of  modifications  in  any  one  computer  run  is  generally  12.  This  means  that  succes¬ 
sive  disconnections  of  12  reactions  take  place  in  one?  computer  run,  The  solution  to  the  modification 
metric  equations  is  obtained  using  the  FORMAT  II  abstraction  instructions. 


V 
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To  familarisse  the  reader  with  the  solution  to  the  equations,  an  example  is  given  for  four  modi¬ 
fications  using  FORMAT  abstraction  statements  for  disconnect  only  -  (ADmm)”l  =  0. 

FKOl  =  F.  MULT.KO 

DEFKOl  =  DELTA.  MULT.KO 


=  FX.  TMULT.EM 
=  -DXXINV.  MULT.  FXTEM 
=  FX.MULT.XEM 
=  D,  MULT.  FE 
=  DFE.ADD.EM 
=  FO.TMULT.DFEM 
=  RMMWUN.  MULT.  FE 
=  RFWUN,  MULT.  CMMWUN 
=  RMMTWO.  MULT.  FE 
=  RFTWO.  MULT.CMMTWO 
=  -AWUN.  ADD. -ATWO 
=  RMMTRE.  MULT.  FE 
=  RFTRE,  MULT.  CMMTRE 
=  -ATRE,  ADD.  SUMWUN 
=  RMMFOR.  MULT.  FE 
=  RFFOR,  MULT.CMMFOR 
=  AFOR.  ADD.  SUMTWO 
=  RMT 

=  RMMWUN.  ADD.  RMMTWO 
=  SWUN.  ADD.  RMMTRE 

-  STWO. ADD.  RMMFOR 
=  RMT.  MULT.  FKOl 

=  A.  SEQEL,  RMTFKO 
=  CmrrijEOM  :  Cmm^EOM,  etc. 
=  CMMWUN.  MULT.  EOM 
=  CMMTWO.  MULT.  EOM 
=  EKWUN.  ADJOIN.  EKTWO 
=  CMMTRE.  MULT.  EOM 
=  ADWUN.  ADJOIN.  EKTRE 

-  CMMFOR.  MULT.  EOM 

=  ADTWO.  ADJOIN.  EKFOR 
=  [FKOl  :  FKOl  -] 

=  FKOl.  RENAME. 

=  FKOl.  ADJOIN.  B 
=  BWUN.  ADJOIN.  B 
=  BTWO.  ADJOIN.  B 
=  FE.  MULT.  EMM 


FMM 


FOM.ADD.FEEMM 
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Let  DOM 


=  DEFKOl  :  DEFKOl  - 


=  DEFKOl.  RENAME 


CWUN 


=  DEFKOl.  ADJOIN.  C 


CTWO 


=  CWUN.  ADJOIN.  C 


=  CTWO.  ADJOIN.  C 


DEEMM 


=  DE.  MULT.  EMM 


DMM  =  DOM.  ADD.  DEEMM 

FMM  is  the  matrix  of  element  forces  in  the  modified  structure: 


FMM  = 


Reactions 
Bar  Forces 
Panel  Forces 


Reactions,  bar  forces,  panel  forces  and  shear  flows  can  be  extracted  from  this  matrix  using 
extractor  matrices  GR,  GBT,  CP,  GPF  saved  from  the  unit  analysis. 

Joint  external  reactions:  FREACT  =  GR.  MULT.  FMM 


Bar  forces: 


FBAR 


=  GBT.  MULT.  FMM 


Panel  shear  forces: 


FPANEL  =  GP. MULT.  FMM 


Panel  shear  flows: 


FFLOW 


GPF.  MULT.  FMM 


The  four  basic  input  matrices  to  the  modification  program  are  RMMr,  CMMr,  EM  and  KO. 
RMMr  and  CMMr  are  row  and  column  extractor  matrices  for  the  multiple  modification  procedure.  EM 
is  a  matrix  of  unit  deflections  for  the  elements  to  be  modified.  KO  is  a  matrix  of  external  loads. 

A  simple  example  will  serve  to  illustrate  the  form  of  these  matrices.  Consider  the  idealization 
of  Figure  9.  Suppose  it  is  required  to  disconnect,  one  at  a  time,  the  first  four  reactions  from  the 
vertical  centerline  in  the  skin,  to  aim  •  a  propagating  crack  for  three  different  loading  conditions. 
There  will  be  four  RMM  and  CMM  matrices,  one  EM  matrix  and  one  KO  matrix.  The  fourth  RMM  and 
CMM  matrices  only  are  shown  for  illustration.  The  row  and  column  sizes  for  these  matrices  m  and  n 


rm  =  Number  of  rows  in  the  RMM  matrix:  total  number  of  modifications  to  be  made 
(10  in  the  example) 

rn  =  Number  of  columns  in  the  RMM  matrix:  total  number  of  element  forces  (1043  for 
the  idealization  of  Figure  9) 

cm  =  Number  of  rows  in  the  CMM  matrix:  number  of  elements  to  be  modified  (4  in  the 
example,  i.e.,  4  reactions) 

cn  =  Number  of  columns  in  the  CMM  matrix:  total  number  of  element  modifications  to  be 
made  (10  in  the  example) 

em  =  Number  of  rows  in  the  EM  matrix:  total  number  of  element  forces  (1043  in  the 
example) 

en  =  Number  of  columns  in  the  EM  matrix:  number  of  elements  to  be  modified  (4  in  the 
example) 

km  =  Number  of  rows  in  the  KO  matrix:  number  of  load  vectors  (39  for  the  idealization 
of  Figure  9) 

kn  =  Number  of  columns  in  the  KO  matrix:  number  of  load  cases  considered  (3  in  the 
example) 

12  3  4  _ 1  2  3  4  . 
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CMM FOR 
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V.C.3.1  Introduction 

This  chapter  is  concerned  with  the  prediction  of  the  residual  strength  of  relatively  thick  structures 
for  which  the  analysis  may  be  undertaken  on  the  assumption  of  plane  strain  conditions.  In  essence  the 
problem  is  to  obtain  the  best  estimate  of  stress  intensity,  for  a  given  nominal  stress  state  in  the  member 

concerned,  and  to  relate  this  to  the  appropriate  fracture  toughness  value  (e.g.  Kxc)  for  the  material 

concerned.  The  problems  of  estimating  stress  intensity  in  thick  sections  differ  from  those  encountered  in 
dealing  with  thin  sheet  materials  in  so  far  as  the  'through  the  thickness*  dimensions  and  geometry  of  the 
crack  have  to  be  considered  in  addition  to  the  length  of  the  surface  crack.  The  general  problems  in  such 
plane  strain  conditions  are  discussed  in  relation  to  heavy  members  with  surface  flaws,  corner  cracks  at 
holes,  and  other  natural  cracks,  in  section  V.A  above,  principally  in  relation  to  the  prediction  of  crack 

growth  -  in  this  latter  case  the  predicted  stress  intensity  is  related  to  crack  growth  data  for  the 

material  concerned,  rather  than  to  fracture  toughness  data. 

It  is  not  intended  therefore  to  repeat  the  general  discussion  of  the  prediction  of  stress  intensity 
given  in  V.A. 2  -  suffice  to  say  that  the  best  choice  of  available  mathematical  solution  must  first  be  made 
in  relation  to  the  practical  case  being  considered  -  almost  invariably  the  best  solution  available  falls 
short  of  representing  the  complexity  of  the  real  situation  and  a  considerable  element  of  experience  and 
judgement  is  involved.  Guidance  on  available  solutions  may  be  obtained  from  V.A. 2  above  and  from  the 
comprehensive  list  given  in  Appjto  V.C.l-  it  will  be  noted  that  some  twenty  solutions  are  listed  for 
crack  geometries  involving  through-the-thickness  parameters.  In  treating  complex  geometrical  situations, 
one  or  more  of  the  solutions  listed  may  be  compounded  (or  superimposed) I  to  give  a  better  match  to  the 
real  situation. 

In  the  paragraphs  which  follow  two  practical  examples  are  given  to  illustrate  applications  of 
fracture  mechanics  in  relatively  thick  sections  -  the  first  relates  to  a  design  problem  discussed  by 
Wilhem2  and  the  second  gives  a  comparison  between  predicted  and  observed  residual  strength  values,  taken 
from  work  by  Faulkner. 

V.C.3. 2  Residual  strength  of  welded  fitting  (Fig.l) 

In  cases  where  there  may  be  a  crack  traversing  from  the  edge  of  a  hole  or  at  an  angle  to  the  loading 
direction,  it  becomes  necessary  to  introduce  an  equivalent  or  effective  crack  length  rather  than  the 
absolute  measure  of  the  crack  length.  In  most  cases,  the  equivalent  crack  length  is  the  same  as  the 
absolute  crack  length  plus  the  discontinuity,  for  the  crack  and  hole  situation.  However,  for  particular 
applications,  estimates  should  be  made  of  effective  length  magnitude,  and  compared  with  the  absolute  crack 
length.  The  requirements  for  calculating  equivalent  crack  length  will  be  indicated  in  the  following 
section. 

The  crack  at  a  hole 

A  design  for  a  proposed  feed-through  arm  is  shown  in  Fig.l.  In  its  center  is  a  hole  with  a  tubular 
insert  welded  at  the  top  and  bottom  surface.  Fatigue  is  a  consideration,  particularly  if  a  brittle  weld 
condition  occurs.  Inspection  dictates  that  a  {-inch  crack  can  be  detected  at  regular  inspection  periods 
(we  will  assume  a  through-the-thickness  crack).  The  arm  material  is  j-inch  thick  2219-T851  aluminium 
with  a  yield  of  51.2  ksi,  a  plane  strain*  fracture  toughness  of  32,6  ksiVlnch,  and  an  operating  stress 
environment  of  35  ksi  prevails. 

Question:  Can  this  design  be  considered  safe  in  the  presence  of  an  inspectable  crack,  at  a  251  overload 
condition  due  to  pressure  pulses  at  P?  What  design  modifications  would  be  recommended? 

STEP  1.  Assuming  the  worst  fatigue  crack  condition,  i.e.  the  tube  has  split  along  the  crack  axis,  it  can 
be  seen  that  this  situation  then  becomes  the  Bowie  crack  solution  (see  equation  given  on  Fig. 2), 


In  this  case,  to  solve  the  stress  intensity  equation,  an  equivalent  crack  length  should  be  introduced.  In 
other  words,  an  equivalent  'Griffith*  crack  length  must  be  found  for  tho  geometry  in  question. 

As  the  importance  of  the  effective  or  equivalent  crack  length  has  many  implications  in  fracture 
analysis,  we  will  present  this  typical  example  which  will  have  direct  bearing  on  our  problem. 

The  stress  intensity  for  a  crack  or  cracks  at  a  hole  in  an  infinite  plate  in  uniform  tension  is  from 

Fig. 2. 

K1  “  a  ^  /  (f ) 

and  the  stress  intensity  for  a  central  crack  in  an  infinite  plate  in  uniform  tension  is  (from  Equation  VII- I, 

Ref.  1 ) 

K  »  c  /it  a 

e 

where  ae  is  the  equivalent  crack.  By  equating  these  two  solutions,  the  equivalent  crack  length  is 
determined  by 


*  The  plane  strain  (Kj;c)  fracture  toughness  value  is  applicable  in  this  case  with  j-inch  thick  plate 
material.  It  would  be  a  safe  assumption  that  plane  strain  fracture  behaviour  predominates. 


I — ^ 


MV 


and  the  values 


M 


-J  are  shown  in  Fig. 2, 


At  this  point,  a  comparison  can  be  made  of  the  effective  crack  length  and  the  actual  crack  length  of 
the  Bowie  geometry.  For  a  1.0-inch  diameter  hole,  the  equivalent  crack  lengths  are  shown  in  Fig. 3.  For 
the  half-crack  length  of  interest  (0,25  inch,  aee  Fig.l),  it  can  be  seen  that  the  effective  crack  length 
is  the  hole  radius  plus  actual  crack  length.  Beyond  a  crack  length  of  0.12  inch,  there  is  a  little 
difference  between  the  equivalent  crack  lengths  computed  by  the  Bowie  solution  or  the  crack  length  plus 
radius  approximation. 

STEP  2.  The  equivalent  crack  length  for  the  feed-through  arm  has  been  found  to  be 

a  —  a  +  r  ■  0,25  inch  +  0.50  inch 


a  3  0.75  inch 
e 

STEP  3.  Compute  the  finite  geometry  correction  factor  for  the  problem  using  the  equivalent  crack  length. 
The  crack  aspect  ratio  is  (from  Fig.l) 

2a  1.5  inches  „  ,, 

W  6  inches  *  ' 


From  Fig, 1 , 


1,04  for  a  crack  aspect  ratio  of  0.25. 


STEP  4.  Solve  the  basic  stress  intensity  equation  for  critical  conditions;  i.e.  a  -*• 
K  -*•  Kjc  in  plane  strain.  Therefore,  e 


i  ,  a  ■*  a  ,  and 
ec’  c* 


/its  X 
ec 


20.5  ksi 


32.6  ksi/inch 


/it(0. 75  inch)  (1.04) 


Clearly  this  design  will  not  tolerate  an  inspectable  crack  at  the  anticipated  operating  conditions. 

What  would  be  the  least  tolerable  crack  for  this  design?  The  answer  to  this  question  can  be  obtained 
through  fracture  mechanics  by  assuming  bounds  on  the  crack' length  parameter.  For  example,  manipulation  of 
the  basic  stress  intensity  equation,  again  assuming  critical  conditions  at  the  operating  stress,  35  ksi. 


gives  the  solution  for  equivalent  critical  crack  length.  However,  the  finite  width  correction,  X,  is  also 

a  function  of  crack  length.  For  this  crack  geometry,  an  estimate  can  be  made  as  •»  0,  -X  1.00,  so  the 

smallest  equivalent  critical  crack  length  will  be  0,276  inch,  deferring  to  Fig. 2,  an  equivalent  crack 
length  of  0,276  inch  would  be  a  crack  less  than  0,05-inch  long  from  the  edge  of  the  1-inch  diameter  hole. 
This  perhaps  would  correspond  to  a  slight  nick  caused  by  a  tool  at  the  hole  edge;  therefore,  a  re-evaluation 
of  the  design  is  inevitable. 

It  may  be  possible  to  introduce  four  reasonable  design  modifications  which,  as  alternatives,  could 
assure  a  fracture  safe  part.  They  are; 

(1)  Reduce  allowable  operating  stress, 

(2)  Reduce  hole  diameter, 

(3)  Use  a  different  material  (higher  Kj0) , 

(4)  Reduce  plate  thickness  and  etill  meet  etreee  avitevia , 

In  many  cases  it  is  difficult  to  change  the  configuration  to  satisfy  new  operating  parameters. 

Items  1  or  2  could  satisfy  the  design  requirements,  o-  >  35  ksi,  for  the  inspectable  crack.  But,  we  have 
already  seen  that  the  smallest  tolerable  crack  for  this  geometry  is  very  small  (<0,05  inch),  which  is  an 
undue  restriction;  and  the  operating  s  ress  level  may  be  invariant, 

This  brings  us  to  the  third  or  fourth  alternatives.  Changing  to  a  tougher  material  (higher  Kic) 
will  solve  the  problem.  However,  by  inoreaeing  the  material  plane  strain  fracture  toughneee,  one  may  gain 
some  of  the  necessary  fracture  resistance,  but  not  enough  for  the  given  operating  stress  and  inspectable 
crack.  This  leaves  the  remaining  fourth  alternative  as  a  consideration. 

It  will  be  remembered  that  by  reducing  the  plate  thickness,  one  takes  advantage  of  the  material's 
ability  to  fracture  by  net  section  yielding.  In  other  words,  a  brittle  fracture  behaviour  had  been 
assumed  and  by  reducing  the  thickness  s  mixed  mode  or  possibly  plane  stress  fracture  would  reault.  This 
would  tend  to  result  in  higher  values  of  fracture  toughness.  Plane  stress  (Kc)  fracture  toughnesa  values 
of  *  i 1 3  ksi /Inch  have  been  reported  for  this  2219  material  in  0. 10-inch  thick  sheet.  Thie  value 
reflects  the  influence  of  plastic  sons  alee.  In  thie  problem  we  could  safely  assume  that  for  a  reduction 
in  plate  thickness  to  |  inch,  we  would  gain  **  502  of  ths  plane  stress  fracture  toughness,  or  56,5  ksi /inch, 
(This  would  be  s  conservative  estimate  and  would  imply  chat  full  plaatic  tone  development  or  total  plane 
stress  behaviour  would  not  be  realised.) 


i*  • 
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Design  with  reduced  thickness 

STEP  5.  Compute  Che  new  critical  fracture_stress  based  on  a  mixed  mode  type  of  failure  with  a  reduced 
plane  stress  fracture  toughness,  Kc  —  57  ksi /inch. 

n _ _ 

a  m  c  o  57  ksi/inch 

C  4a  X  /n(0.75  inch)  (1.04) 

a  =  36  ksi  , 

c 

Therefore,  this  re-design  (assuming  a  35  ksi  operating  stress)  would  be  considered  fracture  safe 
for  the  {-inch  crack  condition,  but  not  for  the  25%  overload  condition.  However,  compensation 
must  be  made  for  the  reduction  in  area  caused  by  the  reduction  in  thickness. 

The  designer  and  stress  analyst  must  now  decide  on  the  basis  of  stress  analysis  cf  this  re-design 
if  a  reduction  in  plate  thickness  will  meet  static  strength  requirements,  and  other  stress  criteria,  for 
example.  This  is  where  the  interplay  between  material/stress  and  fracture  parameters  enters  the  picture, 
and  trade-offs  are  selected. 

V.C.3.3  Residual  strength  of  main  spar  booms  containing  cracks 

The  information  presented  in  this  section  was  obtained  from  residual  strength  calculations  and 
associated  laboratory  tests  on  main  spar  booms  of  extruded  section  in  aluminium  alloy.  The  cross-sections 
of  the  spars  considered  and  the  crack  geometries  are  shown  in  Figs. 4-8.  The  five  configurations  are 
designated  Types  1-5. 

Details  of  theoretical  calculations 

The  following  assumptions  and  generalisations  have  been  made  in  the  calculations:- 

(I)  In  all  cases  the  cracks  have  been  considered  to  be  comer  cracks  and  a  solution  for  this  type  of 

crack  taken  from  a  Boeing  document-^  has  been  used.  This  solution  is  as  follows 

K  -  0.795o  41 

where  a  is  the  crack  length  measured  along  the  surface  and  a  is  the  stress. 

The  assumption  that  the  cracks  could  be  considered  as  corner  cracks  has  been  taken  to  apply  both  to 

true  corner  cracks  and  also  in  the  case  of  cracks  growing  from  both  sides  of  a  hole,  However,  in  the 

detail  tests  on  Type  5  a  number  of  the  specimens  had  cracks  grown  from  one  side  of  a  relatively  small  hole 
only  and  thus  the  restraint  imposed  on  the  cr  ck  in  these  cases  would  obviously  affect  the  stress 

intensity  at  the  crack  tip.  Consideration  of  solutions  available  for  similar  geometries  for  sheet  condi¬ 

tions  suggest  that  a  correction  factor  in  the  order  of  1,75  needed  to  be  applied  and  thus  the  solution 
used  for  this  case  is i — 


k  •  4a  »  0,454a  4a  , 

(2)  The  Kjr  values  used  in  the  calculations  were  those  determined  using  specimens  cut  from  the  detail 
residual  strength  specimens. 

For  the  specimens  Types  I,  2  and  3,  the  values  of  Kjc  for  a  total  of  16  specimens  cut  from  two 
residual  strength  specimens,  ranged  between  24,6  to  51,8  ksi/inc'li  and  the  majority  of  the  Type  4  and  5 
results  fell  between  24  and  35  ksi/TncK  tor  a  total  of  36  specimen*  cut  from  9  booms. 

Presentation  of  results 

In  Fig.  9  i  two  scatter  bands  have  been  drawn.  These  represent  the  range  of  the  aaloulated  crack 
lengths  against  stress  level  for  the  two  crack  geometries  considered,  The  width  of  the  scatter  band 
being  determined  by  the  scatter  in  KJc, 

The  measured  crack  lengths  and  stress  levels  for  alt  the  relevant  specimens  available  have  been 
plotted  on  this  graph.  (No  results  are  plotted  on  this  figure  for  Type  5  specimens  «  see  below,) 


In  Table  1,  the  are  also  presented  in  tabular  form,  Included  in  this  table  are  a  number  of 

cracks  present  In  the  Type  5  reaidual  strength  specimen  which  did  not  prove  to  be  critical,  and  thus  the 
actual  tailing  load  can  only  be  said  to  be  in  excess  of  that  attained  during  the  test. 

Rue  to  the  amount  of  bending  present  in  the  specimens,  the  stress  level  plotted  is  not  the  average 
stress  over  the  whole  of  the  boon  area  but  the  wore  local  stresses  measured  during  the  various  teste. 

Also,  in  the  case  of  tits  Type  A  specimens  with  cracks  in  the  lewtr  flange,  the  crack  length  considered  is 
that  measured  in  the  body  of  the  boom  as  some  difficulty  was  experienced  in  deciding  which  crack  distension 
to  tske  as  the  critical  length.  It  should  he  noted  Itowevor  that  in  theee  eases,  the  whole  of  the  bottom 
flange  was  also  cracked, 
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Table  I 

COMPARISON  OK  ACTUAL  AND  THKORKTXCAL  FAILING  LOADS 


*  Fully  factored  design  load. 
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SUMMARY 

During  the  development  of  the  m?ny  pressure  vessels  used  In  the  Apollo 
Program  several  serious  failures  Mere  encountered.  Also,  such  failures  have 
occurred  in  other  aerospace  programs.  Even  with  relatively  Inert  environ¬ 
ments  failures  have  occurred  after  cnly  a  few  pressure  cycles.  In  some 
cases  through-the-thlckness  cracks  formed  and  the  vessels  leaked.  In  other 
cases,  unfortunately,  small  surface  or  embedded  flaws  grew  to  critical  size 
prior  to  growing  through  the  thickness  of  the  vessel  wall  and  catastrophic 
failure  ensued. 


Considering  the  severe  consequence  of  a  pre-launch  or  In-flight  failure  of  a 
launch  vehicle  or  spacecraft  pressure  vessel,  the  National  Aeronautics  and 
Space  Administration  has,  during  the  past  several  years,  devoted  much  atten¬ 
tion  to  this  fracture  control  problem.  Research  programs  have  beer  sponsor¬ 
ed  for  the  purpose  of  Investigating  failure  mechanisms,  obtaining  static 
fracture  toughness  and  sdbcrltlcal  flaw  growth  data,  and  developing  fracture 
mechanics  analysis  methods  applicable  to  both  thick  and  thin  walled  vessels. 
The  role  of  the  proof  pressure  test  in  failure  prevention  was  Investigated 
and  was  Implemented  as  one  of  the  more  important  facets  of  the  pressure 
vessel  fracture  control  plan  used  In  the  Apollo  Program.  Other  Important 
facets  Include  rigid  controls  on  test  fluids,  test  pressures,  pressure  cycles, 
pressurization  and  depressurization  rates,  and  hold  times  at  proof  pressure. 
Close  surveillance  of  actual  pressure  vessel  histories  was  also  an  essential 
part  of  the  plan. 

This  chapter  reviews  several  of  the  different  types  of  pressure  vessel 
failures  which  have  been  encountered,  and  presents  a  discussion  of  the 
important  considerations  and  the  general  technical  approach  being  used  to 
prevent  such  failures  In  the  future.  This  encompasses  many  considerations 
ranging  from  Initial  material  selection  through  the  final  acceptance  of 
Individual  batches  of  propellant  based  on  the  results  of  fracture  specimen 
tests.  Exanples  of  static  fracture  toughness  and  subcrltlcal  flaw  growth 
data,  trfilch  have  been  obtained  on  various  research  programs  are  Included. 
Cyclic  lives,  times  to  failure  and  flaw  growth  rates  are  discussed  In  the 
context  of  linear  elastic  crack  tip  stress  Intensity  factors.  It  Is  shown 
how  the  proof  test  Is  used  to  provide  assurance  of  subsequent  service  life 
for  both  thick  and  thin  walled  vessels,  and  test  procedures  are  recommended 
which  should  minimize  potential  damaging  effects  of  the  test  which  can  occur 
as  a  result  of  flaw  growth. 

lecause  of  the  many  factors  Involved  It  Is  unlikely  that  service  failures  of 
pressure  vessels  can  be  completely  eliminated  in  the  Immediate  future. 

However,  with  continued  luprovement  It  Is  believed  that  the  general  design 
approach  outlined  herein  provides  the  best  opportunity  of  achieving  this  goal. 


Introduction 


Pressure  vessels  generally  contain  flaws  or  defects  which  are  either  Inherent  In  the  materials 
or  Introduced  during  a  fabrication  process.  Relatively  large  flaws  can  cause  failure  to  occur  during 
Initial  proof  testing.  Smeller  flaws  can  survive  proof  testing,  but  with  pressure  cycles  and/or  after  a 
period  of  time  of  sustained  pressure  loading,  they  may  grow  until  a  particular  flaw  Is  of  the  minimum  size 
necessary  to  cause  failure.  From  an  economic  standpoint  It  1s  Important  that  the  failure  of  aerospace 
pressure  vessels  during  proof  testing  be  minimized.  From  the  standpoint  of  economic  and  personnel  safety. 

It  Is  Important  that  operational  failures  be  prevented. 

During  the  past  several  years  soma  costly  proof  tast  failures  have  occurred  which  were  directly 
•u.iswakla  to  are-existing  flaws.  Probably  one  of  the  most  spectacular  examples  was  the  failure  of  a  260- 

*?  9!  "wmai u  stool  shown  In  Figure  1. 

(Reference  1)  Several  NOT  methods  had  been  applied  to  tme  case  •■>*>_...» _ ,  .;  . _  -  - *- 

Inspection  of  all  weldments  and  weldment  repairs.  The  pre-existing  flaw  which  served  as  the  primary  frac¬ 
ture  origin  Is  shown  In  the  Insert  In  Figure  I.  Failure  occurred  at  a  stress  level  less  than  fifty  percent 
of  the  material  tensile  yield  strength.  Other  examples  of  proof  test  failures  can  be  cited  from  tests  of 
large  aluminum  propellant  tanks  and  smaller  auxiliary  tanks  used  In  the  Apollo  program. 

Failures  have  occurred  In  the  preflight  checkout  or  storage  condition  stages.  After  only  2> 
hours  of  sustained  pressurization,  an  Inclusion  In  the  parent  metal  of  a  welded  high  pressure  helium  tank 
graw  to  150  percent  nf  Its  Initial  size,  and  caused  catastrophic  failure.  This  failure  was  In  a  relatively 
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inert  environment.  Hostile  environments  (e.g.,  N2CI,,  methanol,  and  water)  have  caused  many  more  failures 
in  high  strength  vessels.  In  many  of  these  cases,  post  nortem  examinat icn  revealed  that  the  initial  flaws 
were  extremely  small  (below  10  percent  of  the  critical  size),  and,  as  might  have  been  expected,  they  escaped 
detection  because  they  were  below  the  limits  of  nondestructive  Inspection  capability.  Flaw  growth  under 
the  action  of  both  loading  and  environment  played  the  predominant  role  in  these  cases.  An  example  of  one 
such  failure  is  the  Apollo  service  module  fuel  tank  shown  in  Figure  2.  This  failure  occurred  after  one 
hour  and  fifty  minutes  of  245  psi,  using  methanol.  The  design  burst  pressure  for  the  vessel  was  360  psig 
and  a  proof  test  had  Been  conducted  at  320  psig.  The  tank  was  fabricated  from  forged  6AI-4V  titanium  and 
was  solution  treated  and  aged  to  a  tensile  ultimate  strength  of  165  ksi  minimum.  Examinations  of  the 
fracture  showed  that  a  stress  corrosion  crack  had  extended  to  a  depth  of  about  60?  of  the  thickness  at 
which  time  it  became  unstable  and  complete  fracture  occurred.  The  fracture  origin  Is  also  shown  In  Figure 

2.  The  approximate  depth  and  length  of  the  stress  corrosion  crack  is  indicated  in  the  figure. 

From  the  above  examples  it  Is  clear  that  the  prevention  of  pressure  vessel  failures  involves 
the  understanding  and  control  of  many  Interrelated  factors.  Nondestructive  inspection  will  not  prevent 
failures  if  the  techniques  used  cannot  detect  the  flaw  that  must  be  detected;  the  proof  test  does  not 
provide  assurance  against  subsequent  failure  if  the  environment  to  which  the  vessel  is  exposed  induces  an 
excessive  amount  of  crack  growth;  and  the  often  used  practice  of  using  high  design  factors  of  safety  to 
obtain  pressure  vessel  reliability  is  not  necessarily  the  answer.  For  example,  the  design  factor  would 
have  had  to  been  nearly  twice  as  high  as  that  used  to  prevent  the  motor  case  failure  shown  in  Figure  I. 

It  Is  obvious  that  failures  such  as  those  described  have  provided  substantial  Incentive  to 
develop  and  apply  pressure  vessel  fracture  control  measures.  During  the  past  several  years  a  considerable 
amount  of  attention  has  bee"  devoted  to  this  problem.  The  primary  effort  has  been  directed  towards  the 
development  and  application  of  fracture  mechanics  techniques.  This  chapter  reviews  these  techniques  and 
discusses  the  usefulness  and  limitations  of  the  proof  pressure  test  as  it  relates  to  reliable  service  per¬ 
formance. 

Important  Considerations  in  Preventing  Failures 

The  .'•ree  major  considerations  In  the  prevention  of  proof  test  and  service  failures  of  metallic 
pressure  vessels  are.  the  initial  flaw  sizes,  the  critical  flaw  sizes  (i.e.,  the  sizes  required  to  cause 
fracture  at  a  given  stress  level)  and  the  subcritlcal  flaw  growth  characteristics.  (See  the  block  diagram 
in  Figure  3-)  The  prevention  of  proof  test  failure  is  dependent  upon  the  actual  Initial  flaw  sizes  being 
less  than  the  critical  flaw  sizes  at  the  proof  stress  level.  In  order  to  obtain  confidence  that  the  vessel 
will  not  fail  in  service,  it  is  necessary  to  show  that  the  largest  possible  initial  flaw  in  the  vessel 
cannot  grow  to  critical  size  during  the  required  life  span.  The  significant  parameters  affecting  critical 
flaw  sizes  arc  the  applied  stress  levels,  the  material  fracture  toughness  values,  the  pressure  vessel  wall 
thickness,  the  flaw  location,  and  the  flaw  orientation.  For  surface  and  imbedded  flaws  in  a  tension  loaded 
elastic  stress  field  the  stress  intensity  factor  associated  with  the  critical  flaw  size  Is  denoted  as  Klc. 
The  determinat ion  of  actual  Initial  flaw  sizes  depends  upon  the  use  of  nondestructive  Inspection  procedures. 
The  stress  intensity  factor  associated  with  the  initial  flaw  size  is  denoted  K||.  As  will  be  discussed,  a 
successful  proof  pressure  test  can  provide  a  measure  of  the  maximum  possible  K|i/K|c  In  the  vessel  when  It 
is  placed  into  service. 

Subcritlcal  flaw  growth  can  occur  as  a  result  of  cyclic  loading,  sustained  stress  loading  and 
combined  sustained  stress  and  cyclic  loading.  When  the  sustained  stress  flaw  growth  Is  envl ronmental ly 
induced.  It  Is  often  termed  stress  corrosion  and  conbined  cyclic  and  sustained  stress  growth  Is  called 
corrosion  fatigue.  Because  of  the  potentially  high  rates  of  flaw  growth,  the  problems  of  sustained  stress 
and  combined  cyclic  and  sustained  stress  grtwvth  are  of  major  Importance  in  the  design  of  aerospace  pressure 
vessels . 

Evaluating  Cyclic  and  Sustained  Stress  Flaw  Growth 

Of  the  many  types  of  laboratory  specimens  used  fur  obtaining  fracture  toughness  values  and  sub- 
critical  flaw  growth  data,  those  which  involve  plane  strain  cracking  are  of  most  interest  to  pressure 
vessel  designers.  Specimens  containing  through-the-thickness  cracks  must  be  relatively  thick  for  most 
materials  in  order  to  develop  plane  strain  conditions  at  the  crack  tip.  This  limitation  can  and  has 
restricted  the  use  of  such  specimens.  As  applied  to  the  problem  of  predicting  critical  flaw  sizes  and 
evaluating  subcritlcal  flaw  growth  in  both  "thick  and  thin  walled”-  aerospace  pressure  vessels,  the 
surface  flawed  or  "part-through"  type  cracked  specimen  has  probably  found  the  widest  use.  (Reference  2, 

3,  and  4).  With  this  specimen  the  initial  flaw  closely  simulates  the  type  of  flaws  often  encountered  in 
service,  and  it  can  be  oriented  to  suit  the  flaw  growth  characteristics  desr-ed.  Unlike  the  through-the- 
thickness  crack,  however,  continuous  "on  line"  measurement  of  crack  length  or  flaw  size  is  not  possible. 

A  procedure  for  the  evaluation  of  cyclic  flaw  growth  using  surface  flawed  specimens  is  sche¬ 
matically  Illustrated  in  Figure  4a.  The  Klc  for  the  material  is  first  determined  from  static  pull  tests 
of  a  surface  flawed  specimen.  A  series  of  flawed  specimens  are  then  placed  into  test,  e  .ch  specimen  being 
cycled  to  a  different  maximum  applied  Initial  stress  Intensity.  Typically,  a  zero-full  tension-zero  loading 
profiie,  such  as  illustrated  on  the  figure  Insert,  Is  applied  but  other  loading  profiles  appropriate  to 
specific  situations  may  also  be  used.  The  number  of  cycles  required  to  cause  failure  of  each  specimen  Is 
determined  and  a  relationship  between  initial  applied  stress  intensity  and  cycles  to  failure  is  established 
by  the  complete  set  of  specimens.  The  applied  stress  levels  should  be  sufficiently  high  (and  the  specimens 


*When  the  wal'  thickness  Is  large  enough  and/or  the  K|c  I*  low  enough  so  that  the  critical  depth  for  a 
long  surface  flaw  Is  less  than  l/2t,  the  vessel  is  herein  termed  "thick-walled".  Where  the  critical 
depth  of  a  long  surface  flaw  is  greater  than  l/2t,  the  vessel  is  herein  termed  "thin-walled". 


sufficiently  thick)  that  failure  will  occur  before  the  creek  depth  has  exceeded  one  half  the  speclnen 
thickness  to  ensure  that  the  crack  growth  occurs  under  conditions  of  maximum  constraint.  The  data  can  be 
replotted  n  a  completely  equivalent  manner  as  shown  on  Figure  kb.  The  rate  of  crack  growth  as  a  function 
of  the  app  ted  stress  Intensity  can  then  be  established  by  determination  of  the  slopes  of  the  crack  length 
versus  cycle  plots  at  a  series  of  selected  stress  Intensity  values.  A  typical  result  obtained  for 
titanium  cycled  at  70*F  Is  shown  In  Figure  5. 

droc*dure  for  evaluating  sustained  stress  flaw  growth  with  surface  flawed  specimens  Is 
similar  in  principle  to  that  used  for  the  cyclic  stress  flaw  growth  determinations.  The  process  Is  Illus¬ 
trated  schematically  In  Figure  6a.  As  before,  the  K|c  of  the  material  Is  determined  and  a  series  of  flawed 


..v.yuv  vru.vv/  ana  men  puiung  tne  specimen  apart.  The  fracture  face  will  usually  permit 
direct  measurement  of  sustained  load  growth  by  separation  of  the  striated  areas  produced  by  the  cyclic 
loading  operations.  The  fracture  surface  preceded  by  such  a  sequence  is  shown  In  Figure  6b.  The  striated 
area  produced  by  the  Initial  flaw  sharpening  operation  and  the  area  produced  by  the  final  working  operation 
are  separated  by  a  clearly  visible  area  representing  the  crack  growth  during  the  sustained  load  test. 

c  i  p0!nt  !*  r«*ch«d  th»T  neither  failure  nor  flaw  growth  occur,  (e.g.,  specimens  5  and 

6.)  the  highest  level  of  K  for  which  this  condition  obtains.  Is  called  the  threshold  stress  Intensity  K»h 
(or  K|scc  d«e  to  stress  corrosion  cracking  -  Reference  5).  ’  tn 

-i  .  .  Anot>*r  "»thod  of  obtaining  Kth  values  using  surface  flawed  specimens  Is  through  the  use  of  a 

single  wire  strain  gage,  which  measures  the  flaw  opening  as  a  function  of  time.  See  Figure  7.  The  flaw 
opening  measurement  Is  used  to  provide  an  Indirect  Indication  of  flaw  growth  as  a  function  of  time  at  load 
(I. a.,  the  deeper  the  flaw  the  larger  the  opening  strain).  The  highest  applied  stress  Intensity  at  which 
there  is  no  Indication  of  flaw  growth  is  then  designated  as  the  threshold  value. 

Such  flaw  opening  measurements  can  also  be  used  to  obtain  an  estimate  of  flew  growth  rate  as 
a  function  of  stress  Intensity  level,  however,  in  the  Interpretation  of  flaw  opening  measurements  It  sl.ould 
be  recognized  that  the  change  In  flaw  opening  with  tlma  at  load  may  be  due  to  both  flaw  growth  and  plastic 

fWi  fnrmit  f  r\A  af  tKm  #1  me..  a  7 .  rut-  r  _  «  n... _ a  >  - .  a 


expression  relating  the  change 


the  threshold  level.  ' -  -  to  oe 

,  ,  Th*  discovery  of  a  unique  Ktt,  for  a  given  material  and  environment  is  the  key  to  the  design 

of  safe  pressure  vessels  subjected  to  sustained  loading.  While  Kth  can  be  80  percent  of  Klc  or  higher  In 

*nW!r0n"IHi*'  !'9-’  tU*n,um  ln  Vallum  gas)  more  hostile  media  (e.g.,  the  freon  TF)  canslgnlfl- 
^Illth  *.n  ^  9*'’*r*  7  “  b*«"  found  th««  ^th  values  decrease  with  Increasing  yl.H 

strength  In  eel  alloys  (References  6  and  7).  Also,  there  Is  considerable  evidence  to  Indicate  that  sus- 
talned  load  flaw  growth  is  most  severa  under  conditions  of  plane  strain  (Reference  5).  Reference  8  shows 
that  Kth  va  ues,  determined  from  through-the-thlckness  cracked  specimen  tests.  Increase  with  decrease  In 
spec  limn  thickness. 

ii  tn  J*!!?1*!  °f  fl*"  9Cowth  •nd  Intensity  In  aggressive  environments  (Reference  7,  9,  10, 

>2)  Indicate  an  ever  Increasing  growth  rate  with  Increasing  stress  Intensity,  however,  as  shown 
in  Flgg  k  1}  ft  may  be  relatively  constant  over  an  appreciable  range  In  stress  Intensities.  In  these  tests 
for  Kth.  one  often  encounters  wide  scatter,  abnormally  short  times  to  failure  and  very  marked  dependence 

OteferlnwH  wd^*)*'**  “  *"d  t",p*r*tur,)>  «"d  «v«"  00  mln°r  changes  In  chemical  position, 

!"?rf  roesm^t*  the  crack  growth  rate  Initially  decreasas  with  Increasing 
I  f!"  f„th*  I*  svfflclantly  low,  the  crack  may  halt.  At  higher 

bmi!  T?.?h  ..C?C,  9'°Wth  r,t*  >»•**•*  through  r  minimum  and  then  Increases  steadily  to  an  Inste- 

J  9T?1  1°'  "•*  «l»r‘»d  by  Johnson  (Reference  6)  for  AH  350  steel  in  a  purified 

IlJilln!^  TK  *  *  °r  •U#  "°ud  ln  2  for  5*1-2. 5Sn(Ell)  titanium  and  2219-T87 

.  .  ..  from  these  remarks,  It  Is  apparent  that  the  service  condition  mu*,  be  carefully  simulated 

nUiber  o«*dl  fflrl^  I  ^ Gained  load  flaw  growth  data  have  been  obtained  on  a 

meter  o  different  material-environment  cot  I  net  I  on,.  A  sumeery  of  soma  Kth  Inform; 'on  Is  given  In  Table  I. 


.»«t  «»it»>  i  n  c 


F rob ably  the  most  convincing  evidence  that  the  stress  Intensity  factor,  K,  is  the  controlling 
mechanical  parameter  in  cyclic  and  sustained  stress  flaw  growth  are  the  correlations  obtained  between  8 
various  types  of  fracture  specimens  and  between  specimens  and  actual  pressure  vessels. 


ftrnwit  and  laaslram  (Mfatanaa  14)  aaplttHid  tuiulnad  ilt-aii  Maw  gF«w|h  hahavlor  uilnq  Mrraa 
different  upas,  I  teen  typen 

I.  Tha  aenlaf-arefikad  ftlau 

I.  The  lurfat!#*  flawed  plata 

J,  Tha  ppeftfeeked  samllavar  baaw 

for  4J40  itaal  In  dilute  Natl  solution,  Th*  game  K<h  value  was  obtained  for  all  tht'ia  tynas,  Itewavar, 
that*  ware  dlffet’anee*  In  fallura  at  a  glvtn  laval  or  K|  graatar  titan  K|p,  This  can  be  aaplalnad  by 
tha  dlffarant  functional  ralat lonihlpa  batwaan  crack  lanytb  anil  aaaoelatad  atraas  Intaniltlaa,  Tba  anra 
rapid  tha  Incraaia  In  K  with  crack  length,  tha  thenar  tha  fallura  tlma,  Nr  this  reason,  tha  cantilever 
beam  spec  I  mans  axhlbltad  tha  shortast  fallura  times,  while  the  eantar*craukaii  specimens  ware  the  slowest 
In  cracking, 


In  cases  where  the  stress  Intensity  decreases  with  crack  length  («,g,,  wedge  force  loading 
for  a  ceni«r*cracked  specimen)  K»n  Is  rather  simple  to  evaluate,  Smith,  H per,  and  Downey  (kafaranaa  9) 
obtained  values  of  JO  to  IS  ksl  /TW  for  crack  Initiation,  and  10  to  tt  ksl  fvn  for  crack  arrest,  using 
this  procedure  with  TI-8AI-I  Ho'lV  alloy  In  a  ),$  percent  salt  solution, 

for  end  loaded  specimens  under  constant  load,  both  stress  Intensity  factor  and  net  section 
ttiess  Increase  with  Increasing  crack  'engtht  with  wedge-force  loading,  the  net  section  stresses  Increase 
whereas  the  stress  Intensity  decreases  with  Increasing  crack  length,  The  eacellent  agreement  between  Ini¬ 
tiation  and  arrest  Kjh  values  clearly  shows  that  It  Is  the  stress  Intensity  parameter  end  not  net  section 
stress  that  Is  the  controlling  parameter  In  sustained  stress  crack  growth, 

Reference  1$  shows  correlations  between  two  types  of  specimens  used  to  obtain  cyclic  Maw 
growth  data,  In  this  Investigation  round  notched  bars  and  surface  flawed  specimens  were  tested  to  obtain 
K||/K|fl  versus  cycle  curves  for  ladlsh  06AC  steel,  The  results  showed  close  agreement  between  the  two 
specimen  types  with  the  dete  scatter  being  somewhat  larger  for  the  round  notched  bar  specimens.  This  data 
scatter  was  attributed  to  eccentric  creek  growth, 

b ■  Correlation  Between  Specimens  And  Pressure  Vessels 

Correlations  between  sustained  stress  flaw  growth  In  surface  flawed  fracture  specimens  and 
pressure  vessels  subjected  to  cyclic  and  sustained  pressurl sat  Ion  are  shown  In  References  J,  16  and  17. 

In  References  J  and  16  aluminum  and  titanium  vessels  containing  small  Initial  fatigue  cracks  were  tested 
In  environments  of  room  temperature  air,  liquid  nitrogen,  and  liquid  hydrogen  end  the  results  were  compared 
with  the  fracture  specimen  data.  Reference  1?  shows  results  of  Inconel  718  fracture  specimens  and  pra-flawed 
pressure  vessel  sustained  stress  tests  In  the  environment  of  high  pressure  (5,000  pslg)  gaseous  hydrogen 
at  room  tempereturo.  Figures  Mi  and  15  show  comparisons  between  some  of  the  pre-flawed  pressure  vessel  and 
specimens  tests,  Similar  results  were  previously  obtained  for  Ladlsh  D6AC  steel  pressure  vessels,  end  are 
shown  In  Reference  15,  In  none  of  the  tests  was  nore  any  significant  differences  In  flaw  growth  char¬ 
acteristics  between  the  biaxial ly  stressed  vessels  and  the  uniaxial ly  stressed  specimens. 

In  addition  to  laboratory  specimen-pressure  vessel  comparisons,  there  have  been  a  number  of 
Instances  curing  the  past  several  years  where  sustained  stress  fracture  specimen  date  end  fracture  mechanics 
analyses  have  been  used  to  describe  conditions  leading  up  to  service  failures  and  were  used  to  arrive  at 
corrective  actions.  For  example,  service  failure  correlations  Involving  a  4330  steel  hydraulic  actuator 
failure  In  a  water  environment  are  shown  In  References  18  and  19.  and  titanium  pressure  vessel  failures 
with  N2O4  propellant  In  Reference  20.  The  Apollo  service  module  fuel  tank  failure  shown  In  Figure  2  also 
Illustrates  the  usefulness  of  fracture  specimen  testing  tn  a  service  failure  analysis.  Laboratory  tests 
on  uniaxial  surface  flawed  speclm  i  made  from  material  from  the  failed  vessel  resulted  In  the  sustained 
stress  flaw  growth  curve  shown  In  Figure  16.  As  can  be  seen  from  this  figure  the  Kth  for  the  material  In 
the  methanol  environment  Is  about  24  percent  of  K|c,  The  average  K|c  values  for  the  material  was  about 
44ksl  yin.  The  resulting  predicted  critical  flaw  s I zo  curve  Is  shown  In  Figure  17.  Also  shown  on  this 
figure  Is  the  threshold  stress  Intensity  curve.  As  can  be  seen  from  the  figure  an  Initial  flaw  or  defect 
greater  than  about  2.5  mils  deep  would  result  In  a  stress  Intensity  above  the  threshold  value  at  tha  test 
pressure  level  of  245  pslg.  In  that  machining  grooves  have  been  observed  on  Apollo  pressure  vessels  In  ex¬ 
cess  of  this  depth  It  Is  reasonable  to  assume  that  the  subject  vessel  also  contained  such  Initial  defects. 
During  the  one  hour  and  50  minutes  at  the  245  pslg  pressure  the  Initial  defect  grew  In  size  and  catastrophic 
failure  occurred  when  the  stress  corrosion  crack  attained  the  critical  size.  From  the  curve  shown  In  Figure 
17  the  predicted  critical  depth  Is  0 . 3 1  Inches.  This  predicted  size  corresponds  closely  with  that  observed 
at  the  actual  fracture  origin  as  shown  In  Figure  2. 

Combined  Cyclic  and  Sustained  Stress  Flaw  Growth 

As  previously  described,  the  cyclic  life  fora  given  cyclic  load  profile  and  environment  depends 
primarily  on  the  ratio  of  Initial  to  critical  stress  Intensity.  A  large  number  of  pressure  vessel  materials 
have  been  Investigated  and  a  significant  amount  of  cyclic  flaw  growth  data  obtained.  Some  such  data  was 
shown  In  the  specimen-pressure  vessel  correlations  previously  discussed.  Another  set  of  typical  data  Is 
Illustrated  In  Figure  18.  In  this  figure  both  a  best  fit  curve  and  a  statistically  determined  tower  bound 
curve  are  shown. 

a.  I mpl I  cat  I ons  for  Des I gn 

If  the  maximum  Initial  stress  Intensity  at  the  operating  stress  level  In  a  pressure  vessel  Is 
known,  It  can  be  entered  tn  the  ordinate  of  K||/K|c  versus  cycle  plot  and  the  cycles  to  failure  (l.e., 


fu  Ihef***#  K| |  is  Kle)  reatl  off  the  ebteUta,  llowevnr,  thl*  iiiunt  th*(  either  the  voted  U 
uyeled  «t  *  frequently  ee«|t*i*de  tt>  thet  tiled  In  qoiteretlnq  tit*  ipoeliaen  dot*  or  thet  eyelle  frequency  U 
not  legtorunt,  In  Roferetu*  19,  It  wai  hypothttlied  that  beltw  the  ttittelned  itret*  threshold  *tm» 
Intensity  valua  (Hut)  avails  feequenay  (or  bold  time  at  Maximum  load)  probably  would  not  hava  a  Major  affact 
on  tha  eyelln  Maw  growth  rata,  but  abova  Kyh ,  It  could  hava  a  Inrga  affact.  In  uthar  word*,  the  minimum 
cycle  Ufa  wat  limited  to  tha  ntmfeer  of  cyclat  raqtilrad  to  Incraaia  tha  Initial  a  t  rat  a  Intantlty  K|  |  to  tha 
K(|.  valua  and  that  abova  tha  Kth  lava)  failure  could  occur  In  ana  additional  cycle  If  tha  hold  time  ware 
turflelantly  long,  On  a  K|i/K|«  venue  log  cyclat  curve,  this  U  rapretantad  by  tha  dlffaranca  between 
tha  cyclat  at  K||/K|e  and  Kth/K|a, 

■  if-CML.ftf_kona  Hold.  Tlmai 

from  an  experiment*!  standpoint,  If  ona  wara  to  tact  a  tarlat  of  tpaelmant  with  vary  lonq  hole 
tlmat  at  maximum  load,  tha  total  cyclic  Ufa  for  each  specimen  would  ba  expected  to  be  nducad  by  an  Increm¬ 
ental  number  of  eyelet,  No,  corresponding  to  that  at  tha  Ktp/K|<i  level  for  data  obtained  at  a  relatively 
high  cyclic  froqueney,  Theta  predicted  uppar  and  lower  bound  curvet  for  vary  tTtort  and  long  hold  timet  at 
maximum  load  are  llluttrated  schematically  In  figure  19a. 

To  data  there  It  only  a  limited  amount  of  experimental  data  to  substantiate  this  prediction, 

Soma  of  that*  data  ware  developed  for  NASA  Lewis  Aatearch  Canter  an  I2I9-T87  aluminum  and  5AI»9,5Sn(Ell) 
titanium  In  the  relatively  Inert  anvlronmant  of  liquid  nltrogan  and  are  shown  In  Reference  2,  Data  for  the 
titanium  alloy  are  reported  In  Figure  19b.  These,  as  well  es  the  other  dma  In  Reference  2  tend  to  support 
the  original  Reference  18  hypothesis,  Whan  materials  era  subjected  to  moie  agrasslvn  environments  (I, a,, 
those  resulting  In  low  K|h  /K|g  values)  there  Is  considerable  doubt  as  to  tha  general  validity  of  tha 
hypothesis.  There  Is  some  data  on  SAI-IMo-IV  titanium  In  salt  water  which  Indicates  that  cyclic  frequency 
has  no  significant  affact  on  growth  rata  at  stress  Intensity  levels  below  Ktp,  These  data  are  shown  In 
figure  20,  On  tha  other  hand,  Investigations  by  ttirsom  (Rafaranca  21),  and  Wal  (Reference  22)  havo  shown 
that  for  soma  matarlal-anvl ronmant  combinations,  both  tha  environment  and  tha  cyclic  frequency  can  affact 
tha  growth  rates  at  stress  Intnnslty  values  below  Kth.  for  example,  Bersom  has  shown  that,  for  UNI  steal 
In  salt  water,  cyclic  growth  rates  are  higher  than  In  a  dry  environment,  and  progressively  Increase  with 
decreasing  cyclic  frequency  (I. a,,  from  900  cpm  to  9  cpm)  at  strass  Intensity  (Kmax)  levels  lass  than  K^. 

A  complete  explanation  of  this  type  of  behavior  has  yet  to  ba  obtained,  however,  It  Is  apparent  that  addi¬ 
tional  research  on  environmentally  enhanced  fatigue  growth  (l.a.,  corrosion  fatigue)  Is  required. 

If  It  It  nacattary  to  use  materials  with  low  thrashold  values  (less  than  70  or  80t  K|c)  In  tha 
expactad  operating  environment,  tha  affact  of  anvlronmant  and  cyclic  frequency  on  cyclic  flew  growth  rates 
should  ba  determined  and  the  appropriate  rates  used  In  the  pressure  vessel  life  estimations,  As  mentioned 
above,  the  minimum  allowable  cyclic  1 1  fa  should  be  limited  to  the  number  of  cycles  required  to  Increase  the 
Initial  strass  Intensity  K||  to  the  Kth  value. 

«>  Effect  of  Wal I -Thickness 

The  technique  for  using  K||/K|c  versus  time  data  to  estimate  pressure  vessel  life  are  dependent 
upon  pressure  vessel  well  thickness,  for  "thick-walled"  vessels  the  K||/K|c  curves  can  be  usod  as  Indicated 
above,  For  "thln-wal led"  vessols  thn  task  Is  somewhat  more  complicated.  When  the  depth  of  a  surface  flew 
becomes  large  with  respect  to  the  well  thickness,  the  stress  Intensity  Is  higher  then  that  predicted  by  the 
original  Irwin  surface  flew  aquation  (Reference  23)  and  as  a  result,  the  subcrltlca)  flaw  growth  rates  will 
be  higher  and  the  total  life  shorter  then  that  obtained  from  K||/K|c  curves  of  the  type  shown  In  Figure  18. 
(It  should  he  noted  that  shallow  surface  flew  specimens  are  used  In  generating  the  basic  K||/K)c  data.) 

The  Increase  In  stress  Intensity  for  long  surface  flaws  and  for  semicircular  surface  flaws,  which  become 
deep  with  resnect  to  the  wall  thickness  have  been  approximated  by  Kobayashl  (Reference  2b)  and  Smith 
(Reference  25).  respectively.  For  thln-wal  led  vessels,  Reference  29  provided  a  method  for  estimating 
cyclic  flaw  growth  rates  using  shallow  flaw  data  by  Inclusion  of  the  deep  flaw  strass  Intensity  magnifica¬ 
tion.  Using  this  method  flaw  growth  rate  curves  are  obtained  by  differentiating  the  K||/K|c  versus  cycle 
curve.  For  a  given  vessel  design,  the  flaw  growth  rate  curves  are  then  arithmetically  Integrated  using 
the  Kobayashl  approximation  to  account  for  the  Increase  In  stress  Intensity  as  the  flaw  approaches  the 
free  surface. 

In  an  attempt  to  obtain  a  better  Insightlnto  the  behavior  of  deep  surface  flaws  In  thin  walled 
vessols  and  to  evaluate  the  validity  of  the  method  for  predicting  cyclic  flaw  growth  suggested  In  Reference 
26,  NASA  Initiated  an  experimental  Investigation  of  a  titanium  and  an  aluminum  alloy  under  Contract 
NAS3-I0290.  While  the  results  of  this  work  are  reported  In  detail  In  NASACR- 72606  two  significant  findings 
were  as  follows: 


1.  For  very  long  surface  flaws  (l.e.,  small  a/2c  values)  the  Kobayashl  approximation  tended 
to  underestimate  the  magnitude  of  the  deep  flaw  stress  Intensity  magnification.  As  seen  In  Figure  21  this 
Is  particularly  true  for  the  titanium  alloy. 

2.  Cyclic  flaw  growth  rates  can  in  some  cases  be  significantly  higher  than  those  predicted 
from  shallow  flaw  data  corrected  for  stress  Intensity  magnification.  This  appears  to  be  the  case  when  the 
crack  tip  elastic  zone  Is  large  compared  to  remaining  ligament  between  the  flaw  tip  and  the  back  surface. 

A  complete  understanding  and  explanation  of  these  preliminary  findings  Is  not  yet  available 
and  as  a  result  Improved  (l.e.,  more  precise)  life  prediction  procedures  for  thin  walled  vessels  cannot  yet 
be  firmly  established.  However,  It  Is  Important  to  ree  gnlze  that  the  procedure  presented  In  Reference  29 
can  under  certain  conditions  result  In  unconservatlve  life  estimates  and  that  It  is  possible  to  avoid  this 
unconservatla*.  Specifically,  the  use  of  the  procedure  can  result  in  an  excessively  high  estimate  of  cyclic 
life  for  the  situation  when  the  threshold  flaw  size  Is  very  deep  with  respect  to  the  wall  thickness  (l.e., 


apimixlmitaly  on*  plaitle  ion*  lit**  from  th«  li*ek  surface).  Ukawlsa,  It  can  raiult  In  an  uncomervatl  v* 
(hut  nm  naaeisarl  ly  dangaroui)  ait  limit*  of  tit*  number  of  cycles  for  a  flaw  to  grow  through  th*  wall  thick" 
n*n  for  th*  iltuatlon  when  fha  critical  flaw  depth  actually  *xc**dt  th*  wall  thlcknat*.  To  avoid  tmeonsar* 
vailv*  estimates  In  that*  tltuatlont  It  appaari  desirable  to  experimentally  obtain  cyclic  llf«  data  utlng 
t*it  >p«clmani  with  th*  i*ra  thfoknati  ai  th*  actual  v*u*l  and  containing  long  lurfaca  flaw*, 

It  U  hoped  that  with  further  r«t«*ruh  both  th*  da*p  flaw  stroi*  I nt*n* I ty  magnification  and 
growth  problems  will  b*  clarified  to  that  Improved  Ilf*  and  fallur*  mod*  pradlutlon  procedure*  can  be 
recommended, 

Proof  Tam  on  Actual  Pressure  Venal* 

a .  Initial  Stress  Intensity  factor*  In  Service 

A  kay  factor  than  In  tha  application  of  tuitalnod  (trait  and  combined  cyclic  and  luttalnad 
itraii  flaw  growth  data  li  prior  Knowledge  of  Initial  flaw  ilaa  or  mor*  (pacifically,  Initial  itrett  I  men- 
ilty  (K||)  l»v«l»  within  th*  vatial,  Th*  actual  K||  valuai  ar*  a  function  of  both  the  actual  Initial  flaw 
ihapai  and  location,  If  Initial  flaw  ilia  and  itren  Itvali  can  b*  defined,  the  itrasi  I n ton*  1  ty  can  usually 
ba  determined  with  a  reasonable  degree  of  accuracy  using  available  (trail  Intensity  solutions  or  approxima¬ 
tion*  (References  2),  27,  28  and  29),  Determination  of  actual  Initial  flaw  slats  li  dependent  upon  non- 
das  true 1 1 v*  Impaction, 

A  maasura  of  the  maximum  possible  Initial  stress  Intensity  can  ba  obtained  from  a  properly 
designed  and  successful  proof  pressure  test.  Some  comments  on  nondestructive  Inspection  are  given  In 
Appendix  I. 

It  was  originally  pointed  out  In  Reference  30  that  a  successful  proof  test  to  a  pressure  o<x 
the  maximum  oparat ing  prtsturt  Indicates  that  the  maximum  possible  K||/K|c  at  the  maximum  opnratlng  pressure 
It  equal  to  I4x«dd  that  this  valua  could  than  b*  us*d  In  conjunction  with  K||/K|e  versus  cycles  data  to 
estimate  minimum  life.  Additionally  It  was  pointed  out  In  Reference  18  that  the  validity  of  the  minimum 
life  prediction  was  not  depandent  upon  an  accurate  knowledge  of  either  the  actual  applied  stress  levels  or 
the  finite  fracture  toughness  (K|C)  values,  both  of  which  vary  throughout  a  given  vessel.  However,  the 
accuracy  of  th*  prediction  Is  dependant  upon  the  validity  of  the  sustained  stress  and  conblned  cyclic  and 
suitalnad  stress  flaw  growth  data  and  th's  In  turn  emphasized  the  need  for  determining  the  areas  of  the 
vessel  (l.e,,  welds,  parent  metal,  etc.)  which  exhibit  the  highest  growth  rates  and  lowest  Kth  values. 

Also,  It  Is  Important  to  make  sure  that  compositional  changes  and/or  both  batch  to  batch  variations  In 
propellants  and  t«st  fluids  used  In  the  vessels  will  not  result  In  tower  Kth  values  than  those  used  In  the 
original  analysis  (or  design)  of  the  vessel.  The  control  procedures  used  In  Apollo  pressure  vessels  are 
dlscussod  In  Appendix  II. 

b •  The  Test  factor 

From  the  standpoint  of  Initial  design  the  minimum  required  proof  test  factor  for  a  pressure 
vessel  IsoL-  I -f  allowable  K|)/K|c  and  In  order  to  prevent  delayed  time  failure  the  allowable  K||/K|c 
must  be  less  than  the  minimum  kch/Klc*  The  amount  less  depends  upon  the  prossure  cycle  requirements. 

c.  Undesirable  Flaw  Growth  During  the  Proof  Test 

Since  the  Initial  Introduction  of  the  concept,  there  have  been  concerns  expressed  about  possi¬ 
ble  damaging  effects  of  the  proof  test  and  speculation  as  to  whether  the  test  could  actually  cause  an  oper¬ 
ational  failure  of  a  vessel  which  otherwise  might  have  performed  satlsfectorl ly.  Also,  there  have  been 
numerous  questions  about  the  value  of  the  test  as  a  function  of  pressure  vessel  wall  thickness,  the  selec¬ 
tion  of  the  test  temperature,  test  media,  pressurization  and  depressurization  rates,  time  at  maximum  pres¬ 
sure,  multiple  proof  test  cycles  and  the  need  to  simulate  service  loads  other  Chan  Internal  pressure. 

Subcrltlcal  flaw  growth  can  and  often  does  occur  even  In  relatively  Inert  environments.  It 
Is  therefore  likely  that  during  the  time  required  to  perform  a  proof  test  Initial  flaws  or  defects  In  the 
vessel  can  Increase  In  size  (or  possibly  even  new  flaws  could  be  opened  up).  In  fact,  If  the  proof  test 
Is  not  properly  designed  (e.g.,o<  Is  <  I  ■+  allowable  K||/K|c,  depressurization  rates  which  are  too  slow 
or  the  test  being  conducted  with  an  agresslve  test  media),  the  flaw  growth  occurring  during  the  test  can 
be  sufficient  to  cause  a  subsequent  operational  failure,  which  otherwise  may  not  have  occurred. 

d.  Non-Service  Test  Temperature 

If  the  proof  test  Is  performed  at  a  temperature  which  Is  different  from  the  operating  temper¬ 
ature,  tha  required  minimum  proof  test  factor  Is  as  follows: 

1  K|c  at  Proof  Temperature 


alicwable  K | j /K | c  K|c  at  Operating  Temperature 

The  advantage  of  testing  at  a  temperature  where  the  K|c  Is  lower  than  at  the  operating  temperature  Is  that 
either  a  lower  proof  test  factor  can  be  used  or  a  larger  operational  life  can  be  assured.  The  disadvantages 
are  possible  Increased  risks  of  proof  test  fallur*  and  the  need  for  an  accurate  knowl  ge  of  how  K|c  varies 
with  temperature  for  all  of  the  materials  In  the  vessel. 


fc-) 


*  The  plastic  zone  size  can  be  estimated  from  the  expression 
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«,  Effect  of  Thickness 

From  analysis,  It  can  b«  shown  that  regardless  of  the  pressure  vessel  wall  thickness,  the 
required  minimum  proof  test  factor, eat  ,  should  be  I  •+■  allowable  K|i/K|c.  however,  the  value  of  the  proof 
test  In  providing  assurance  against  service  failure  changes  with  decreasing  wall  thickness  and/or  Increasing 
fracture  toughness,  K|c,  as  does  the  predicted  pressure  vessel  failure  mode.  This  Is  Illustrated  tn 
Figure  22. 


f .  Dangers  of  Slow  Rates  of  Pressurization  and  Depressurization 

If  the  pressure  vessel  Is  pressurized  at  a  slow  rate  or  If  the  proof  pressure  Is  sustained 
for  a  prolonged  period  of  time,  the  probability  of  a  proof  test  failure  Is  Increased,  because  of  possible 
slow  flaw  growth.  However,  subsequent  to  a  successful  test  It  can  still  be  said  that  the  maximum  K||/K|c 
at  the  operating  pressure  Is  equal  to  1/ce<  .  On  the  other  hand,  If  the  vessel  Is  slowly  depressurized  such 
that  the  flaw  which  was  Just  smaller  than  critical  size  at  the  proof  stress  level  continues  to  grow,  the 
maximum  possible  K||/K|c  after  the  test  will  be  greater  than  l/o«  .  In  fact,  It  appears  that  If  the 
positive  dK/dt  due  to  flaw  growth  Is  greater  than  the  negative  dK/dt  due  to  reduction  tn  stress  the  vessel 
could  even  fall  during  depressurization. 

The  amount  of  flaw  growth  which  will  actually  occur  during  depressurization  Is  dependent  on 
the  actual  K||/K|c  ratio  (or  Initial  flaw  size)  at  the  start  of  depressurization,  the  depressurtzatlon  rate, 
and  the  sustained  stress  flaw  growth  characteristics  of  the  vessel  materials  In  the  proof  test  media.  It 
Is  apparent  that  In  order  to  minimize  the  flaw  growth  one  should  use  a  test  fluid  which  Is  relatively  Inert, 
and  use  a  high  rate  of  depressurization.  If  It  Is  assumed  that  the  K||/K|c  ratio  at  the  start  of  depressur¬ 
ization  approaches  unity  (l.e.,  the  vessel  Is  Just  about  to  fall)  and  If  sustained  stress  flaw  growth  rate 
data  for  the  material-environment  are  available,  It  Is  then  possible  to  determine  the  maximum  possible 
K||/K|c  at  the  start  of  the  vessel's  operational  life  as  a  function  of  depressurization  time. 

(1 )  An  Example  with  Titanium  Alloy 

This  was  done  for  6AI-4V  tl tanium  pres sure- vessel  proof  tested  with  gaseous  helium  (l.e., 

Kth  **  -90  K|c)  and  the  results  are  shown  In  Figure  23.  In  this  study  the  negative  dK/dt  due  to  reduction 
In  stress  was  based  on  an  assumed  linear  reduction  In  pressure  with  time  (l.e.,  the  dashed  lines  In  Figure 
23).  The  solid  curves  in  Figure  23  represent  the  actual  reduction  In  K||/K|c  for  various  depressurization 
times.  These  curves  account  for  the  change  In  stress  Intensity  due  to  flaw  growth  above  the  Kjh  value  due 
to  stress  reduction.  The  growth  rate  data  shown  In  Figure  12  was  used  in  determining  these  curves.  The 
locus  of  K||/K|c  values  at  the  given  depressurization  times  represent  the  maximum  possible  K|j/K|c  values 
In  the  vessel  when  It  Is  put  Into  service. 

g.  Multiple  Proof  Tests 

In  general,  very  little  can  be  gained  by  performing  multiple  proof  test  cycles.  Even  after 
the  last  cycle  all  that  can  be  said  Is  that  the  maximum  possible  K||/K|c  -  \/ot,  and  the  cycles  performed 
subsequent  to  the  first  cycle  could  have  done  some  amount  of  needless  damage  to  the  vessel  as  a  result  of 
cyclic  flaw  growth.  However,  occasionally  special  circumstances  dictate  the  naed  or  make  It  desirable  to 
conduct  more  than  one  proof  test.  Such  special  circumstances  Include  the  following  cases: 

(1)  A  single  proof  test  cannot  be  designed  to  envelop  the  critical  operational  pressure, 
temperature  and  external  loading  combinations. 

(2)  The  vessel  was  modified  or  repaired  subsequent  to  the  initial  test  and  the  modified 
and  repaired  areas  need  to  be  proof  tested. 

(3)  It  Is  desired  to  extend  the  guaranteed  life  of  the  vessel  after  It  has  had  a  period  of 

service  usage. 

(4)  From  an  economical  standpoint  It  Is  desired  to  test  components  (e.g.,  bulkheads)  of  the 
vessel  prior  to  Initiating  final  assembly. 

(5)  To  minimize  the  risk  of  failure  at  the  design  temperature  Is  has  been  shown  (by  labora¬ 
tory  experiments  on  preflawed  simulated  parts  or  specimens)  that  a  prior  test  at  a  higher  temperature  Is 
advantageous . 


h.  Pressure  and  Other  Service  Loadings  Combined 

For  those  pressure  vessels  which  are  critical  for  Internal  pressure  combined  with  flight 
loads  It  may  not  be  possible  to  envelop  the  operational  stress  levels  In  the  vessel  with  Internal  pressure 
alone.  In  such  cases  It  appears  desirable  to  Include  provisions  In  the  test  setup  to  apply  simulated  flight 
loads  combined  with  Internal  Pressure. 

Conclusions 


Both  safety  and  economic  considerations  require  the  prevention  of  additional  delayed  time 
failures  of  aerospace  pressure  vessels.  It  Is  believed  that  compliance  with  the  technical  approach  based 
on  the  use  of  laboratory  specimen  test  data,  fracture  mechanics  analyses,  and  the  use  of  welt  designed 
proof  tests  can  provide  confidence  that  such  operational  failures  will  not  occur. 

If  the  proof  test  Is  properly  conceived  and  executed,  operational  failures  should  be 
substantially  diminished.  When  considering  the  Impact  of  a  possible  service  failure,  the  need  for  a 


meaningful  proof  test  appears  mandatory,  The  Information  gained  far  outweighs  the  potential  damage  done 
by  the  test.  Furthermore,  It  should  be  noted  that  In  a  well  designed  proof  test,  this  potential  damage 
can  be  minimized. 

At  the  present  time  we  know  of  no  acceptable  alternate  to  this  approach  In  pressure 
vessel  certification,  and  thus  conclude  that  It  should  be  used.  It  has  been  and  Is  In  use  on  the  Apollo 
program  and  Is  expected  to  be  used  on  other  NASA  programs. 
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APPENDIX  I 

Nondestructive  Inspection  (NOT)  Applied  to  Pressure  Vessels 


The  more  common  Inspection  procedures  used  In  the  Inspection  of  aerospace  pressure  vessels 
are  radiographic,  ultrasonic,  penetrant,  and  magnetic  particle.  Other  laboratory  techniques,  which  have 
been  Investigated  for  potential  production  usage,  Include  eddy  current  and  Infrared  (Reference  31).  A 
number  of  studies  have  been  performed  during  the  past  several  years  for  the  purpose  of  evaluating  the 
capabilities  of  these  various  techniques  to  detect  the  different  types  of  flaws  found  in  pressure  vessels 
(Reference  1  and  31).  The  results  of  these  studies  combined  with  actual  pressure  vessel  Inspection 
experience  lead  to  the  following  general  conclusions: 

1.  With  the  use  of  multiple  Inspection  systems  (e.g..  X-ray,  ultrasound,  and  penetrant) 
most  surface  and  Internal  flaws  encountered  In  pressure  vessels  can  be,  and  generally  are  detected. 
However,  It  Is  unsafe  to  assume  that  all  potentially  dangerous  flaws  will  be  found  all  of  the  time  (e.g., 
tight  cracks  are  particularly  difficult  to  detect). 

2.  The  lower  limits  of  Inspection  detection  capability  (l.e.,  the  largest  Initial  flaw 
sizes  which  can  escape  detection)  cannot  be  confidently  established. 

3-  The  Inspection  procedures  commonly  in  use  do  not  provide  the  precise  measure  of  Initial 
flaw  sizes  (l.e.,  length  and  depth)  necessary  for  use  In  obtaining  a  reliable  minimum  life  estimation. 

4.  Regardless  of  the  limitations,  there  Is  no  practical  alternative  but  to  rely  on  non¬ 
destructive  Inspection  In  the  prevention  of  proof  test  failures  of  most  high  strength  pressure  vessels. 


* 


APPENDIX  2 


Acceptance  of  Apollo  Propellants  and fluids  Baaed  on  Fracture  Specimen  Tests 


All  fluids  to  which  Apollo  pressure  vessels  are  exposed  are  corrpatlbl  I  Ity  tested  with 
6AI-kV  titanium  solution  treated  and  aged  using  precracked,  PTC,  type  specimens.  The  crack  growth 
Threshold  of  the  fluid  and  the  maximum  possible  flaw  which  can  exist  In  the  pressure  vessel  based  on  the 
proof  test  plus  subsequent  cyclic  flaw  growth  determines  the  maximum  pressure  at  which  the  fluid  can  be 
utilized.  Some  fluids  such  as  Inhibited  nitrogen  tetroxlde  and  trlchlorotrl f I uoroethane  (Freon  TF)  have 
been  found  to  have  threhold  values  which  vary  significantly  from  batch  to  batch.  In  some  Instances  fluids 
had  to  be  disposed  of  and  replaced. 

For  flight  fluids  such  as  Inhibited  nitrogen  tetroxlde  and  aerozlne  50,  the  hypergollc 
oxtdlzer  and  fuel,  respectively,  a  sample  Is  extracted  at  each  spacecraft-fluid  distribution  system  Inter¬ 
face.  This  sample  would  Include  any  contamination  which  might  be  Introduced  anywhere  In  the  storage  or 
propellant  loading  system.  Also,  It  would  be  representative  of  possible  depletion  of  crack  growth  Inhibitors 
such  as  nitrous  oxide  In  the  nitrogen  tetroxlde. 

Resultson  the  fluids  used  on  the  Apollo  flights  to  date  have  shown  the  nitrogen  tetroxlde 
threshold  varied  from  72  to  81  percent  K|c.  The  areozlne  50  has  varied  from  76  to  8k  percent  of  K|C. 

In  ground  tests,  the  oxidizer  and  fuel  are  simulated  using  Freon  TF  and  water,  respectively. 
Hie  water  which  has  varied  slightly  In  Ph  and  halide  content  has  had  a  threshold  spread  from  71  to  80  per¬ 
cent  of  K|c.  Generally,  the  Freon  TF  has  been  found  to  have  a  thresold  In  excess  of  59  percent;  however, 
in  one  Instance  a  threshold  of  96  percent  was  determined  and  this  fluid  was  discarded. 

In  summary,  small  amounts  of  contamination  or  subtle  differences  in  chemistry  have  resulted 
In  significant  differences  In  slow  crack  growth  characteristics.  It  has  been  found  In  the  Apollo  program 
that  utilizing  fracture  specimen  tests  as  an  added  means  of  fluid  quality  control  has  been  necessary  to 
preclude  exposing  pressure  vessels  above  a  threshold  based  on  the  maximum  possible  flaw  which  could  exist 
In  the  vessel. 
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V.C.5  AN  EXAMPLE  OP  A  METHOD  FOR  PREDICTING  FAILURE 
G.H.  Haslam 


V.C.5. 1  Introduction 

In  this  chapter  a  method  it  put  forward  for  estimating  the  life  to  failure  of  a  cylindrical  pressure 
vessel  subjected  to  repeated  internal  pressure.  Design  curves  are  obtained  by  which  the  fatigue  life  of 
such  a  cylinder  say  be  eati&ated  from  a  knowledge  of  the  transverse  uniaxial  fatigue  limit  and  fracture 
toughness  properties  of  the  cylinder  material,  as  well  as  the  diameter  ratio  of  the  cylinder  and  the 
repeated  pressure.  Examples  are  given  of  the  application  of  the  method  and  close  correlation  is  demon¬ 
strated  between  estimated  and  actual  behaviour. 

V.C.5.2  Approach 

Paris  and  Erdogan'  proposed  that,  since  the  elastic  stress  field  and  the  size  of  any  plastic  zone 
around  a  crack  tip  are  proportional  to  the  stress  intensity  factor  Kj ,  the  rate  of  crack  propagation  of  a 
fatigue  crack  should  be  a  function  of  K].  They  found  that  a  large  body  of  experimental  data  could  be 
fitted  by  an  expression  of  the  form 


-  B<AK)®  .  (1) 

2 

Frost  observed  fatigue  crack  growth  in  sheet  specimens  of  a  wide  range  of  materials.  He  found  that  the 
initial  rate  of  crack  growth  of  a  central  transverse  crack  in  a  sheet  specimen  subjected  to  the  loading 
cycle  o_  ±  a  ,  where  a  >  o  ,  was  given  by 

m  i  n  t 

Iff  -  Ao^a  .  (2) 


Owing  to  the  inherent  scatter  in  the  observed  results,  both  equations 
with  equal  confidence,  although  equation  (I)  is  applicable  to  a  wider  range 
Frost's  results  have  been  re-analysed  (Frost,  Pook  and  Denton^)  in  terms  of 
factor  (AK)  and  it  was  concluded  that  this  analysis  could  be  regarded  as  an 
parameter  a-ja. 


(1)  and  (2)  may  be  applied 
of  crack  lengths.  Indeed, 
the  range  of  stress  intensity 
alternative  to  the  use  of  the 


In  the  method  presented,  the  crack  propagation  life  of  a  cylinder  subjected  to  repeated  internal 
pressure  is  estimated  by  means  of  the  range  of  stress  intensity  factor  as  used  in  equation  (1).  The 
stress  intensity  factor  used  is  a  simplified  approximation  to  that  which  would  be  expected  under  the 
complex  conditions  at  the  bore  of  a  pressurized  cylinder.  The  effect  of  the  high  pressure  oil  in  contact 
with  the  bore  surface  is  taken  into  account  by  considering  high  local  effective  stresses  at  the  crack. 


Notation 


material  constants  describing  fatigue  crack  growth 


a 


b 

K1 


L 


N 

P 


a 


°a 

Ty 


current  crack  length 
final  crack  length 
initial  crack  length 

transverse  uniaxial  fatigue  limit  in  repeated  tension 


internal  pressure 

internal  pressure  at  fatigue  limit 
internal  pressure  to  cause  yield  at  bore 
outer/inner  diameter  ratio 
range  of  maximum  principal  stress 

local  effective  maximum  principal  stress  at  the  fatigue  limit 
mean  stress  and  stress  amplitude  in  crack  propagation  relationship 
yield  stresses  in  uniaxial  tension  and  shear 
range  of  stress  intensity  factor 


V.C.5. 3  Stress  intensity  factor 


The  stress  intensity  factor  for  a  straight-fronted  edge  crack,  length  a,  in  a  semi-infinite  plate 
subjected  to  stress  o,  is  given  by  Paris  and  Sib4  as 

K,  -  Mo(ira)* 


and  for  a  semi-circular  fronted  edge  crack  by 

K,  -  ».lo(«a)*0.69 


*  1  .T-ll 
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The  crack  front  profile  observed  on  fatigue  tests  on  t'nick-wallad  cylinders  under  pulsating  internal 
pressure  approximates  to  a  semi-ellipse.  The  value  of  Kg,  therefore,  would  be  expected  to  be  within  the 
above  limits,  and  is  assumed  to  be  approximately 


In  deriving  an  accurate  expression  for  the  stress  intensity  factor  around  a  crack  in  a  cylinder  wall, 
further  complications  arise  owing  to  the  finite  wall  thickness  and  the  stress  gradient  in  the  wall.  The 
finite  wall  thickness  causes  the  value  of  Kg  to  increase,  but  the  stress  gradient  causes  a  decrease  in 
Kg.  Since  most  of  the  fatigue  crack  propagation  life  is  spent  on  propagating  a  crack  over  a  small  distance 
from  the  bore  surface,  the  above  conditions  in  the  cylinder  wall  will  have  only  a  secondary  effect. 
Therefore,  in  the  present  analysis,  their  combined  effect  is  neglected.  Hence,  the  expression  used  for 
stress  intensity  factor  is  that  given  by  equation  (3). 

V.C.5.4  Crack  propagation  life 

By  substituting  equation  (3)  in  equation  (1)  and  integrating,  the  following  expression  for  crack 
propagation  life  of  the  cylinder  is  obtained. 


L-  — 1  i  /a^*®)/2\  c  cycles 

“  «  ^=72  la  /a.  oycles 


When  a  fatigue  crack  propagates  through  the  wall  of  a  cylinder,  bursting  occurs  by  fast  fracture 
before  the  crack  has  propagated  to  the  outer  surface.  However,  the  current  rate  of  crack  propagation  when 
the  crack  is  long  enough  to  cause  fast  fracture  is  such  that  relatively  few  extra  cycles  would  have  been 
required  to  cause  the  crack  to  propagate  throughout  the  wall  thickness.  In  equation  (4),  therefore,  the 
final  crack  length  a^  is  taken  as  the  cylinder  wall  thickness. 

The  original  crack  length  aQ  is  taken  as  the  length  of  crack  which  will  just  fail  to  propagate  at 
the  fatigue  limit.  Frost2  showed  that  this  was  given  by 


where  C  is  a  material  constant,  and  cre  is  the  effective  local  hoop  stress  range  at  the  fatigue  limit 
of  the  cylinder. 

Morrison,  Crossland  and  Parry"5  have  shown  that  the  fatigue  limit  of  a  cylinder  subjected  to  pulsating 
internal  oil  pressure  is  reduced  when  the  oil  is  in  intimate  contact  with  the  bore  surface.  This  decrease 
in  fatigue  strength  was  considered  to  be  caused  by  local  stresses  at  the  fatigue  crack  due  to  oil  penetra¬ 
tion.  Haslam^  proposed  that  the  local  effective  hoop  stress  was  given  by 


and,  at  the  fatigue  limit, 


■•(tTT  *  rrr) 


Haslam  also  showed0  that  the  repeated  pressure  at  the  fatigue  limit  was  given  by 


r r~_+ i  .  5  \ 

[in 


J 1  17TT  +  ^)j 

In  equation  (4) ,  the  value  of  o  is  taken  as  the  effective  local  hcop  stress  at  a  crack  in  the  bore 
surface,  as  given  by  equation  (6a). 

The  values  of  B  and  m  in  equation  (4)  may  be  obtained  from  the  experimental  data  presented  by 
Frost,  Pook  and  Denton3. 

V.C.5.5  Fatigue  limit 


From  equation  (7),  it  is  possible  to  estimate  the  fatigue  limit  of  a  cylinder  subjected  to  repeated 
internal  pressure.  This  equation  is  shown  plotted  in  Fig.!,  in  terms  of  P^/b  against  R.  From  this  curve, 
knowing  the  transverse  fatigue  strength  of  the  cylinder  material,  it  is  possible  to  estimate  the  fatigue 
limit  of  a  cylinder  of  a  given  diameter  ratio. 

Thus,  by  using  equations  (4)  and  (7),  it  is  possible  to  obtain  a  theoretical  fatigue  curve  from  the 
fatigue  limit  up  to  gross  yielding  at  the  bore  of  the  cylinder.  The  selection  of  a  criterion  to  define 
yielding  at  the  bore  is  discussed  later. 


V.C.5.6  Comparison  with  experimental  results 

3  «•#» 

Frost,  Pook  and  Denton  have  presented  values  of  AK  for  crack  growth  rates  of  0.025  y/c  (10  in/c), 

and  of  m  for  various  materials.  From  these  data,  fatigue  crack  propagation  lives  may  be  estimated  as 
given  in  equations  (9)-(16),  where  the  coefficients  are  applicable  when  the  parameters  are  in  ton/in  units. 

For  mild  steel,  subjected  to  a  repeated  tensile  stress,  m  »  3,  and  AK  -  16.6  h  bar  cm'^2 
(6.74  ton  in-3'2)  for  da/dN  -  0.025  y/c  (10"6  in/c). 

From  equation  (1) 


da 

Z5f 


B(AK)® 


Solving  for  B,  and  substituting  in  equation  (4),  we  get 


where  a 


is  in  ton/ in  and  a.  and 


a  are  in  inches, 
c 


cycles 


(9) 


Fatigue  tests  have  been  carried  out  on  cylinders  of  En  26  steel  with  a  diameter  ratio  of  1.2.  The 
results  presented  in  (6)  may  now  be  compared  with  the  estimated  fatigue  curve  given  by  equation  (9).  For 
this  material,  the  transverse  uniaxial  fatigue  limit,  b,  was  0-573  MN/m2  (0-37  ton/ in2).  Therefore,  for 
R  -  1.2,  equation  (8)  gives 

o#  -  567  MN/m2  (36.7  ton/in2) 

For  steel  specimens,  subjected  to  repeated  tensile  stress,  the  value  of  C  in  equation  (5)  is  65  (MN/m2)2  m 
(0.7  (ton/ in2) 3  in)  (Frost  end  Greenan2). 

From  equation  (5),  a-  ■  28.75  *  10  ®  mm  (1.132  *  10  ^  in).  The  wall  thickness  of  the  cylinders,  a„, 
was  2.5  mm  (0.1  in).  0  c 


From  aquation  (6a), 


for  R  ■  1.2,  a  ■  7.81P.  Substituting  these  values  in  equation  (9)  gives 


N 


eyclas 


(10) 


Equation  (10)  is  shown  plotted  in  Flg.2,  in  terms  of  P  against  log  N,  the  experimental  results  are 
also  shown  for  comparison.  The  estimated  fatigue  limits  shown  in  Fig. 2 ■'•obtained  from  equation  (7). 


Further  fatigue  tests  were  carried  out  on  cylinders  of  the  same  material,  with  25.4  ■■  (1.0  in)  bora 
and  50.8  mm  (2.0  in)  outer  diameter.  For  theta  cylinders,  og  *  548  MN/m2  (35.5  ton/in2),  an  ■  32  *  I0~*  mi 
(1.258  x  10”'  in),  ac  ■  12.7  mm  (0.5  in)  and  a  •  3.33F.  In  equation  (9)  this  gives 


N  »  x  10®  cycles  (11) 

The  estimated  fatigue  curve  and  experimental  results  era  shown  in  Fig. 3. 

Fatigue  testa  have  been  carried  out  by  Morrison,  Crossland  and  Parry2  on  thick-walled  cylinders  of 
En  25  steel,  'Hykro'  steel  end  0,15  per  cent  C  mild  steel.  The  results  have  been  compared  with  the 
estimated  fatigue  curves  given  by  equation  (9)  and  it  was  found  that  in  each  cess  the  theory  gave  good 
correlation  with  the  experimental  results,  Host  of  these  results  were  obtained  in  the  vicinity  of  the 
fatigue  limit  and  have  not  been  inoluded  in  the  present  paper.  However,  further  work  was  done  by  Austin 
and  Crossland0  on  En  25  steel  cylinders  with  diameter  ratios  of  1,4  and  1.0.  The  experimental  results 
obtained  by  both  teams  of  investigators  for  these  cylinders  ere  shown  in  Figs. 4  and  5,  compared  with  the 
estimated  fatigue  curve  from  equations  (7)  and  (9). 

Morrison,  Crossland  and  Parry9  have  presented  results  of  fatigue  tests  on  aluminium  alloy  DTD  384 
and  eoMMrcially  pure  titanium  cylinders.  Prom  the  data  given  by  Frost,  Pook  and  Denton3,  it  ia  found 
that,  for  the  aluminiia  alloy.  AX  ■  5,71  h  bar  cm1 '2  (2,32  ton/ in-3/ 1)  for  da/dN  •  0.025  u/c  (10”*  in/c), 
m  «  3.7  and  C  ■  2.8  (MN/m2)*  m  (0.03  (ton/in2)3  in). 


Solving  for  B  and  substituting  in  equation  (4),  we  get 


■ '  ,0‘  o,cl" 

■  ■  wl“ 


for  m  •  3, 


The  cylinder*  had  a  diameter  ratio  of  2.0  and  a  wall  thickness  of  12.7  cm  (0.5  in).  The  transverse 
fatigue  limit  of  the  material  was  0-330  MN/m2  (0-21.4  ton/in2).  Thus, 

oe  -  317  MN/m2  (20.5  ton/ in2) 

aQ  -  8.25  x  10“4  nm  (0.325  x  10~4  in) 

a  -  12.7  nm  (0.5  in) 
c 

a  -  3.33F. 

Therefore, 

N  „  733.8  x  jo®  cycle*  (12) 

P 

for  m  ■  4. 

N  -  &&  x  106  cycle*  (13) 

PJ 

for  m  •  3. 

Fig. 6  show*  the  theoretical  fatigue  curves  for  m  -  3  and  m  -  4.  Comparing  these  with  the  experi¬ 
mental  results,  it  is  seen  that  a  safa  fatigue  life  may  be  estimated  by  using  m  -  3. 

For  commercially  pur*  titanium,  m  ■  4,  AK  ;  6.48  h  bar  cml/Z  (2.63  ton/in”^2)  for  da/dN  «  0.025  u/c 
(10”®  in/c)  and  C  «  9.3  (MN/m2)3  m  (0.1  (ton/in3)3  in)  (Frost,  Pook  and  Danton3).  This  gives 

N  -  x  10®  cycles  (14) 

P* 

for  R  ■  1.4,  and 

N  -  x  10®  cycles  (15) 

P* 

for  R  «  2.0. 

Unfortunately,  there  are  few  experimental  results  available  for  titenium  cylinders.  These  are  shown 
in  Fig*. 7  and  8,  coatpared  with  the  theoretical  fatigue  curvet. 


V.C.5.7  Design  curves 

From  equation  (9),  the  fatigue  oraek  propagation  curve  for  steel  cylinders  is  given  by 

"  •  ‘'"y  o,°"‘ 

-l  /2 

From  typical  values  of  a_  and  a  ,  given  above,  it  is  seen  that  a  is  negligible  compared 
with  ag-1'2.  Thus,  neglecting^  a  ”*'2,  end  substituting  tbs  expression  for  o  and  o  given  in 
equations  (6a)  and  (6b),  we  get 

/a\3  i 

H  •  46,  SL  (y!  *  10*  cycles  (16) 


Fig. 9  shows  the  fatigue  crack  propagation  curve  given  by  equation  (16)  for  R  ■  1.2,  together  with 
the  experimental  results  for  Rn  25  and  Crt  26  eteel  cylinders.  The  fatigue  limits  shown  in  Fig. 9  are  as 
given  by  equation  (7)  for  those  materials.  In  Fig, 10,  the  crack  propagation  curve  for  steal  cylinder* 
with  R  ■  1,4,  ss  given  by  equation  (16),  is  shown  compared  with  the  experimental  result*  for  cylinders  of 
various  steals.  The  fatigue  limits  have  been  emitted  from  Fig, 10  for  clarity, 

mi/2 

Comparing  Figs, 9  and  10  with  Figs. 2  end  4,  it  is  seen  that  neglecting  the  term  ee  in  equation  (9) 
has  suds  no  significant  difference  U  the  estimated  fatigue  curvet. 

Fig, II  shows  design  curves  for  estimating  the  crack  propagation  life  of  steel  cylinder*  with  diaawtsr 
ratios  for  1. 2-3,0.  Hence,  by  the  use  of  Figs, I  and  It,  it  is  now  possible  to  obtain  an  estimated  fatigue 
curve  of  thick-walled  steel  cylinders  based  on  the  transverse  fatigue  strength  of  the  cylinder  wall.  For 
non-ferrous  cylinders,  design  curves  similar  to  those  given  in  Fig. 1 1  may  be  obtained,  a*  shown  in  Figs, 6, 

7  and  I, 


V.C.5,1  Yield  criteria 

The  crack  propagation  life  has  been  estimated  using  the  rate  of  crack  propagation  bated  on  linter 
elastic  fracture  mechanic*  theory.  It  would  bs  expected  that  this  method  of  estimating  the  fatigue  life 
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i«  applicable  only  in  th*  elastic  rang*  of  the  material,  It  it  necessary,  therefore,  to  define  a  yield 
criterion  which  doacribaa  tit*  upper  limit  of  tha  vat\|«  of  application  of  the  abova  theory, 

Thra#  yield  criteria  war a  examined, 

(I)  Maximum  ahaar  attain  energy  (von  Niaaa) 


(2)  Maximus  principal  atraaa  (Hankins) 


(J)  Maximum  ahaar  atraaa  (Troaca) 


whara  o  ia  tha  yiald  atraaa  in  uniaxial  tanaion,  t  ia  tho  yield  atraaa  in  ahaar,  and  P  ia  tha 
internar  pressure  to  oauaa  yiald  at  tha  bora.  y  y 

Although  tha  von  Niaaa  criterion  ia  normally  aucaptad  aa  applicable  to  tha  atatio  yiald  of  duotila 
matala,  it  doaa  not  giv#  tha  boat  fit  to  tha  experimental  raaulta  in  thia  oaaa.  Tha  highaat  yiald 
praaauro  ia  given  by  tha  maximum  principal  atraaa  criterion  and  thia  ia  thorn  in  Pigt.2,  A.  3  and  /.  Aa 
uan  be  aaan.  the  deviation  of  tha  experimental  point#  from  tha  theoretical  line  in  all  caaea  oocura  abova 
thia  laveli  The  maximum  principal  atraaa  la  tharafora  auggaattd  aa  tha  moat  auitabla  oritarion  for 
defining  me  upper  limit  of  applicability  of  tha  propoatd  method. 

In  tha  cate  of  the  titanium  oylindart  (Pige.7  and  8)  tha  yiald  prataura  given  by  tha  maximum 
principal  atraaa  oritarion  ia  rather  lover  than  tha  aafa  range  of  the  estimated  fttigua  curve. 

Thua,  it  appaara  that  tha  crack  propagation  curve  given  by  aquation  (A)  may  be  uaad  to  eatimate  tha 
fatigue  lives  of  oylindcie  subjected  to  repeated  internal  praaauraa  not  greater  than  that  required  to 
oauaa  yielding  in  tha  hoop  direction.  However,  to  verify  thia,  further  raaulta  era  required  in  tha  high 
praaaura-ahort  endurance  region  for  oylindara  with  diameter  ratioa  of  a  and  greater. 

V.C.5.9  Dlacuaaion 

by  using  an  approximate  value  for  atraaa  intanaity  factor,  and  uonaldaring  a  high  local  affective 
hoop  atraaa  at  tha  crack  due  to  oil  penetration,  it  haa  bean  poaaibla  to  eatimate  aatiafactorily  tha  finite 
fatigue  lives  of  oylindara  subjected  to  repeated  internal  praeaure,  To  do  this,  it  was  neoaaaary  to  know 
only  tha  tranaverae  uniaxial  fatigue  limit  of  tha  cylinder  material ,  tha  dlaaatar  ratio  of  tha  cylinder 
and  th*  magnitude  of  tha  repeated  praaauro. 

Aa  the  thaorotical  fotigua  lives  hava  bean  obtained  using  linear  elastic  fracture  maohanica  theory, 
it  vould  '  «  unsafe  to  use  aquation  (A)  to  eatimate  tha  fatlgua  Ufa  of  a  cylinder  subjected  to  groaa 
plaatic  yielding,  Tha  maximtxa  principal  atraaa  oritarion  has  bean  uaad  to  dafina  yiald  at  tha  bora  of  tha 
cylinder, 

For  thick-vailed  steal  oylindara,  it  has  bean  shown  feasible  to  naglaot  tha  iinal  crack  length!  thua 
a  simplified  aquation  for  th*  crack  propagation  lifa  ia  obtained.  By  making  this  simplification,  it  ia 
auggaatad  that  tha  fatigue  lifa  ia  dependant  on  tha  diameter  ratio,  but  ia  only  allghtly  affected  by  tha 
actual  well  thioknaaa,  Thia  haa  bean  demonstrated  experimentally  by  Parry9  who  taatad  Kn  23  ataal 
oylindara  uf  2,0  diameter  ratio,  with  boro  alaea  from  9,32  to  23, A  m  (0.373  to  1.0  in)  and  found  no 
significant  change  in  fatigue  life. 

Since  tha  rata  of  orook  propagation  ia  independent  of  the  strength  of  tha  steal,  but  ia  governed  by 
tha  value  of  Young'a  modulus  (Frost*),  it  haa  bean  poaaibla  to  present  design  curves  to  give  estimated 
crack  propagation  lives  of  ataal  cylinder*  of  a  common  Young'*  modulus, 

V, 0.5. 10  Gonoluaion* 

Simple  fracture  maohanica  theory,  together  with  a  knowledge  of  the  high  local  stresses  dut  to  oil 
penetration  into  oracka,  may  bs  used  to  giv*  Aatiafaotory  eatimate*  of  th*  fatigue  Uf*  of  a  thick-vallad 
cylinder  tub j acted  to  repeated  internal  pressure. 

Whan  uaad  in  conjunction  with  a  previous  method  of  predicting  the  fatigue  limit6,  thia  theory 
provides  complete  theoretical  fatigue  curve*  which  giv*  good  correlation  with  tha  axparimautal  raaulta, 

Tha  proposed  method  it  applicable  to  oylindara  subjected  to  alaatic  stresses,  but  is  liable  to 
predict  unsafe  estimate*  of  the  fatigue  lifa  of  a  cylinder  in  which  groaa  plaatic  yielding  oocura. 

In  tha  oaaa  of  thick-vallad  oylindara  of  high-strength  ataal  it  ia  feaaibl*  to  aaauma  an  infinite 
final  crack  length.  Thus,  daaign  curve*  era  obtained  which  give  estimated  fatigue  Uvea  of  ataal  oylindara 
of  various  diameter  ratioa. 
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V-D  SERVICE  FAILURES  AND  LA30RA.  )RY  TEBTS 


W.  Barrois 


SUMMARY 

The  object  of  this  section  is  to  emphasize,  from  the  point  of  view  of 
the  atruoti  -  '1  engineer,  some  significant  differences  between  the  conditions 
of  oertain  boratory  tests  and  the  servioe  environment.  Low-temperature 
brittleness  and  hydrogen  embrittlement  of  steels,  and  intergranular-  or  stress- 
corrosion  of  aluminum  alloys  are  reviewed  in  relation  to  various  causes  of 
servioe  or  manufacturing  damages  and  to  service  environment. 


V-D.  1  INTRODUCTION 


Formerly,  laboratory  tests  on  small  normalized  specimens  were  not  very  represen¬ 
tative  of  the  servioe  behaviour  of  structures.  In  spite  of  continuous  improvements, 
it  seems  necessary  to  examine  the  present  state  of  this  matter.  Some  of  the  differences 
between  service  failures  of  structures  and  laboratory  test  results  were  mainly  attribu¬ 
table  to  the  intricacies  of  actual  problems  compared  with  the  extreme  simplification 
of  certain  laboratory  tests  whioh  were  in  the  first  plaoe  designed  to  control  the 
regularity  in  quality  of  manufactured  materials,  and  not  to  supply  design  data.  Further¬ 
more,  researches  and  investigations  carried  out  by  scientists  and  metallurgists  were 
often  devoted  to  gaining  a  clearer  understanding  of  the  influence  of  a  particular 
parameter,  and  their  character  was  related  to  the  Cartesian  analytic  method  rather  than 
to  a  synthesis  of  the  structure  behaviour  in  service. 

Now,  an  additional  germ  of  common  language  for  designers  and  metallurgists  is 
afforded  by  Fraature  Mechanics  which  favours  their  co-operation  to  deal  in  a  more 
rational  way  with  the  problems  arising  from  the  service  behaviour  of  structures.  How¬ 
ever,  differences  in  immediate  objectives  and  interpretation  are  justifying  an  attempt 
to  examine  the  representative  charaoter  of  laboratory  tests,  from  the  designer's 
viewpoint. 

For  a  designer,  the  main  objectives  of  tests  should  be  directed  along  the  fol¬ 
lowing  lines s 

-  Significant  representation  of  service  behaviour,  taking  into  account  undetected 
manufacturing  defects  or  service  damages, 

-  consideration  of  research  parameters  governing  service  behaviour, 

-  definition  and  rapid  checking  of  basic  data  to  permit  corrective  action, 

-  lowering  of  test  prices  and  allowed  test  times. 


In  general,  n  metallurgy  laboratory  is  responsible  for  the  following* 

-  carrying  out  investigations  on  control  tests  for  material  acceptance, 

-  investigation  of  heat-treatments  and  their  control, 

-  design  of  tests  to  select  materials, 

-  appraisal  of  damages  on  parts  removed  from  service  or  rejeated  from 
production,  to  meet  requests  of  Production-,  After-Sales-,  or  Design- 
Departments  . 


In  Research  Laboratories,  and  in  each  sub-specialty  of  materials  and  structures 
testa,  the  scientist  attempts  to  study  each  topic  in  depth  in  order  that  invariant 
physical  quantities  related  to  intrinsic  material  properties  may  be  defined,  and  sub¬ 
sequently  used  as  data  in  the  application  of  general  theories  based  on  as  many  test 
results  as  possible  to  give  improved  predictions.  In  this  scientific  activity, 
financial  limitations,  as  well  as  the  desire  to  separate  the  studied  variables,  neces¬ 
sitate  carrying  out  tests  in  stylistic  conditions  that  are  not  very  representative 
of  actual  problems  which  are  always  intricate. 


applied  research,  and  a  fortiori  in  engineering  studies,  costly  investiga¬ 
tions  are  sponsored  only  when  a  deficiency  has  been  revealed  by  serious  service  failure* 
problems  arising  from  service  or  manufacturing  operations.  Then  more  representative 
test  types  are  investigated  until  a  new  test  is  defined  to  detect  the  kind  of  failure 
observed  in  service.  After  being  normalized,  this  test  becomes  the  new  credo  of 


specialized  laboratories  until,  from  developments  of  techniques  and  of  service  operations, 
new  failures  arise  that  are  unpredictable  with  usual  test  types. 

Studies  of  failures  and  their  remedies  are  essentially  interdisciplinary.  Most 
of  the  severe  failures  are  due  to  a  combination  of  several  causes  of  weakness,  e.g. 
the  material  not  locally  meeting  specified  requirements  even  though  simultaneously 
treated  specimens  showed  good  propertj.es>  defects  due  to  forging,  casting,  machining, 
or  protection  defects  locally  existing  in  parts)  existing  severe  stress  concentrations 
that  should  have  been  avoided;  maintenance  inspections  not  having  been  frequent  enough 
or  sufficiently  detailed)  and  finally,  overloads  in  serviae  resulting  from  "abnormal" 
manoeuvres.  The  multiplicity  of  specialties  concerned  in  the  foregoing  causes  of 
damage  explains  why  it  is  difficult  to  gather  synthetical  views  on  these  problems,  and 
why  some  failures  are  only  explainable  in  terms  of  gaps  existing  between  specialties 
or  by  the  particular  trends  of  the  various  specialists  to  minimize  or  to  overestimate 
the  effect  of  certain  damage  causes. 

Wording  itself  generates  some  difficulties  in  communication.  For  example  the 
term  "brittle"  when  applied  to  a  material  has  not  only  one  meaning.  Designers  some¬ 
times  consider  a  part  to  be  brittle  when, in  presence  of  a  sharp  notch  or  of  a  crack, 
its  residual  strength  becomes  abnormally  low.  For  the  strength  test  specialist, 
brittleness  is  related  to  the  macroscopic  appearance  of  the  fractured  cross-sectional 
areai  a  grained  transverse  fracture  is  said  to  be  brittle,  whereas  a  fibrous  fracture 
or  a  fracture  showing  45°  bevel  lips  is  considered  ductile.  In  microfractography ,  a 
transverse  fracture  is  said  to  be  brittle  only  if  electron  microscope  shows  that 
cleavage  decohesion  is  preponderant)  fracture  is  termed  semi-brittle  in  presence  of 
microcraters  separated  by  thin  ligaments  fractured  after  noticeable  plastic  straining; 
fracture  is  considered  as  being  ductile  in  the  case  of  large  plastic  elongation  occur¬ 
ring  before  45°  lips  appear  at  the  failure  time. 

The  same  situation  exists  in  fatigue.  The  designer  speaks  of  fatigue  when  the 
strength  of  a  part  under  repeated  loadings  is  lower  than  in  the  case  of  a  single  load 
application.  Severely  notched  parts  can  be  damaged  by  as  few  as  some  tens  of  high  level 
load  cycles.  Fifteen  years  ago,  those  in  metallurgical  test  laboratories  spoke  of 
fatigue  only  in  connection  with  stressing  for  a  large  number  of  cycles  (104  to  108)  ,  and 
fatigue  corresponded  to  fracture  without  macroscopic  appearance  of  plastic  distortions; 
they  have  more  recently  been  obliged  to  create  the  new  term  of  "low  cycle  fatigue"  after 
service  incidents  in  thermal  fatigue  had  led  COFFIN  to  investigate  the  effects  of  lower 
number  of  cycles  (2  to  10’).  On  some  occasions,  statements  of  test  laboratory  people, 
who  are  experts  on  fractures,  were  that  these  latter  type  of  fractures  were  not  due  to 
fatigue,  meaning  only  that  the  fractures  did  not  present  features  that  are  usual  after 
105  to  108  fatigue  cycles,  but  were  similar  to  static  fractures.  From  these  statements, 
designers  were  l*d  to  believe  that  fractures  were  caused  by  single  applications  of  high 
loads,  whereas  they  were  actually  caused  by  lew  cycle  fatigue.  For  the  time  being, 
fracture  inspection  by  means  of  electron  scanning  microscopes  will  avoid  the  possibility 
of  this  kind  of  mistake  but  wording  difficulties  may  persist  on  other  topics. 

In  the  case  of  high  strength  materials  the  term  "stress-corrosion"  is  often 
used  for  hydrogen  embrittlement  induced  by  corrosion  in  high  strength  steels  as  well 
as  for  liquid  metal  embrittlement  or  for  true  stress  corrosion  in  aluminium  alloys 
and  titanium  alloys.  The  term  "stress  corrosion  without  corrosion"  has  appeared  in 
the  technical  literature  to  describe  a  fracture  having  the  appearance  of  one  produced 
by  stress  corrosion  but  in  which  no  corrosion  mechanism  was  involved. 

Here,  we  are  only  interested  in  causes  which  lower  the  strength  of  notched  or 
cracked  parts.  The  scientific  field  concerned  with  these  problems  tends  to  divide  into 
sections  each  of  which  concentrates  on  one  of  the  various  aspects  such  as  low-tempera¬ 
ture  brittleness,  fatigue  cracks,  stress-corrosion,  and  hydrogen  embrittlement. 


V-D.  2  LOW-TEMPERATURE  BRITTLENESS  OF  STEELS 

For  economical  reasons,  general  metal  industries  use  cheap  carbon  steels  that 
become  brittle  at  the  lower  end  of  the  operation  temperature  range,  while  the  aircraft 
industry  is  using  high-strength  steel  alloys  that  are  assumed  not  to  become  more  brittle 
at  the  lowest  temperature  developed  in  flight.  However,  brittleness  is  strongly 
dependent  upon  the  acuteness  of  notches,  manufacturing  defects  and  fatigue  cracks  that 
may  be  undetected  after  control  operations  or  maintenance  inspections. 

We  will  discuss  a  fairly  recent  example  of  low-temperature  brittleness  which 
occurred  in  service  on  a  landing  gear  axle  trunnion  the  design  of  which  had  been  sub¬ 
stantiated  by  satisfactory  fatigue  tests  which  were  terminated  by  static  failure  after 
the  fatigue  crack  had  slowly  propagated  on  a  peripheral  length  of  60  mm  and  extended 
deeply  inside  the  tube  (see  Figure  V-D. la).  The  rupture  load  was  much  higher  than 
the  service  loads  developed  during  hard  landings.  Figure  V-D. lb  relates  to  a  brittle 
fracture  that  occurred  in  service  under  normal  taxiing  conditions  after  a  moderately 
severe  impact.  The  temperature  conditions  on  the  ground  and  the  brittle  fracture 
surface,  as  well  as  the  very  small  initial  fatigue  crack,  have  led  to  the  suspicion 
that  the  15-CDV6  French  steel  (same  as  American  Vascojet  90),  treated  to  an  ultimate 
tensile  strength  of  145,000  lb/inz,  may  be  brittle  at  low  temperature,  even  though 
the  conventional  notch  impact  tests  on  key-hole  10-mm  Charpy  specimens  (see  Figure 
V-D.lc)  had  revealed  no  particular  brittleness  at  the  lowest  operating  temperature . 
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Notch  impact  tests  on  "Manlabs"  specimens  with  a  V-notch  prolonged  by  a  fatigue  crack 
have  shown1  that,  like  high-strength  steels,. the  strength  of  this  medium- strength  steel 
is  considerably  reduced  at  approximately  0  aC  in  the  presence  of  a  fatigue  crack. 

Fracture  occurred  in  the  neighbourhood  of  the  weld  seam  between  a  small-height 
shoulder,  mach.'.ned  during  the  preliminary  lathe  machining  of  the  tube,  and  the  square 
flange.  The  low  strength,  therefore  may  be  asoribed  to  an  exhaustion  of  the  original 
ductility  during  the  heating  and  cooling  phases  of  welding,  as  well  as  to  residual 
welding  stresses  and  to  the  effect  of  fatigue  in  service.  This  illustrates  a  bad 
selection  of  material  and  production  processes  based  on  acceptance  tests  that  were  not 
representative  of  the  service  behaviour  with  regard  to  possible  fatigue  crack  and  to 
material  condition. 

Before  we  consider  more  appropriate  test  types,  we  must  review  the  factors  of 
significance  that  increase  the  transition  temperature  between  brittle  and  ductile  modes 
of  fracture,  which  are 

-  acuteness  of  notches  or  stress  intensity  factors  of  cracks, 

-  thickness  of  the  stressed  part  area, 

-  fatigue,  and  cold-  and  hot-working  effects, 

-  steel  content  in  alloying  elements, 

-  heat- treatments. 

General  trends  in  strength  reduction  at  low  temperatures  are  well  illustrated 
by  WESSEX,' S  tests2  on  a  commercial  Ni-Mo-V  steel  forging  for  which  the  decreases  in 
strength  appear  below  temperature  of  -180  #C  in  smooth  specimens,  -120  #C  in  10.8-K- 
notched  specimens,  and  within  temperatures  from  +10  4C  to  +50  ®C  in  fatigue  precracRed 
specimens. 

Therefore,  in  addition  to  the  design  stress  concentrations,  care  should  be  taken 
of  hidden  strong  stress  concentrations  resulting  from  such  manufacturing  defects  as 
forging  laps,  quenching  cracks,  local  lack  of  weld  in  welded  joints,  as  well  as  of 
service  fatigue  cracks.  Undetected  cracks  or  flaws  may  be  sufficient  to  shift  the 
brittle-ductile  transition  temperature  and  to  alter  normally  satisfactory  performance 
of  a  steel  to  totally  bad  performance. 

It  should  be  emphasized  that  notched  specimens  are  increasingly  being  replaced 
by  precracked  specimens  in  investigations  on  brittleness.  Figure  V-D.2,  from  test 
results  of  MAYNOR  and  MUELLER3,  shows  the  effect  of  test  temperature  on  static  strength 
for  an  H-ll  steel.  It  is  seen  that  the  low  temperature  at  which  a  significant  reduction 
in  critical  values  of  the  stress  intensity  factor  K  occurs,  is  not  as  low  in  the  case 
of  thicker  sheets  treated  to  higher  strength  (240,000  lb/in2).  The  strength  decreases 
and  the  brittle-ductile  transition  temperature  increases  with  increasing  thickness. 

It  is  worth  noting  that  the  so-called  brittle  fracture  appearance  transition 
temperature  is  strongly  dependent  on  thickness  for  a  geometric  reason.  This  corresponds 
to  the  appearance  on  the  fractured  surface  of  ductile  shear  lips  or  a  fibrous  area  which 
form  a  fixed  percentage  (e.g.  50*)  of  the  total  fractured  area  and  contrast  with  the 
brittle  grained  fracture  area.  Indeed,  in  the  fracture  of  a  sharply  notched  or  pre¬ 
cracked  component,  even  when  made  from  a  very  ductile  material,  the  crack  initiation 
presents  a  transverse  fracture  of  brittle  appearance.  Incipient  shear  lips  widen  progres¬ 
sively  from  the  external  surface,  giving  a  "thumbnail"  appearance  to  the  crack  initiation, 
and  then  tend  to  reach  a  limited  width  irrespective  of  the  thickness  if  the  latter  is 
large  enough.  Therefore,  as  underlined  by  BLUHM3,  the  percentage  ration  in  brittle-  to 
total-surface  area  is  dependent  on  both  temperature  and  thickness. 

Catastrophic  effects  of  brittleness  suggest  a  material  property  at  the  small  scale 
of  grains  and  precipitates,  and  probably  at  the  still  smaller  scale  of  point  defects  such 
as  vacancy  clusters  and  pile-ups  or  intersections  of  dislocations  that  are  stabilized 
by  stranger  solute  atoms.  This  property,  unlikely  to  be  measurable,  could  be  conoeived 
as  the  local  elongation  that  nucleates  microcracks  or  promotes  the  merging  of  several 
neighbouring  pre-existent  microcracks  into  a  larger  one. 

As  proved  by  the  test  results  of  VISHNEVSKY  and  STEIGERKALD*  plotted  in  Figure 
V-D.3  and  concerning  a  0.35*  C,  3*  Ni,  Cr-Mo-V  martensitic  steel  treated  to  a  room- 
temperature  yield  stress  of  160,000  to  180,000  lb/in2,  the  true  fracture  strain  corre¬ 
lates  well  with  the  maximum  stress  intensity  factor  of  precracked  Charpy  specimens  only 
in  tests  performed  at  room  temperature ;  at  -196  °C,  the  toughness  was  independent  of 
fracture  strain. 

The  effect  of  a  fatigue  pre-treatment  on  the  brittle-ductile  transition  tempera¬ 
ture  of  steel  was  first  investigated  by  MacGRBGOR  and  GROSSMAN5  on  SAE  1020  steel  treated 
to  a  tensile  strength  of  65,470  lb/in2.  The  relation  between  the  transition  temperature 
in  slow  bend  tests  using  notched  (D  -  .33  in.,  d  ■  .2676  in.,  r  -  ,01  in.)  MOORE  speci¬ 
mens  that  had  been  pre-fatigued  in  rotating  bending,  was  expressed  by  analytic  relations 
of  the  form 
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where  N  was  the  number  of  cycles  to  fatigue  failure,  n  the  number  of  fatigue  pre-treatment 
cycles,  (j>.  a  factor  depending  upon  the  fatigue  stress  level,  T  the  transition  tempera¬ 
ture  of  virgin  specimens,  and  T  that  of  pre- fatigued  specimens?  An  investigation  of  the 
possible  causes  for  the  large  effects  found  suggested  the  tentative  conclusion  that  strain 
hardening  and  ageing  during  fatigue  test  were  responsible. 

A  similar  series  of  tests  was  performed  by  LESSELLS  and  JACQUES®  on  two  medium 
carbon  shipbuilding  steels  of  Navy  grade  4885  treated  to  tensile  strength  of  about  60,000 
lb/in  .  The  specimen  used  was  a  notched  (D  =  .5  in.,  d  =  .4  in.,  r  =  .005  in.)  MOORE 
specimen  pre-fatigued  in  rotating  bending  and  fracture  tested  in  impact.  As  testing 
proceeded,  it  was  found  that  fatigue  cracks  were  developing  at  the  base  of  the  notch  both 
above  and  below  the  endurance  limit.  When  specimens  were  cyclically  tested  in  order  to 
avoid  fatigue  cracks,  the  resulting  transition  curve  showed  little  deviation  from  the 
original  curve  presumably  due  to  the  low  stress  of  the  prior  fatigue.  A  series  of  speci¬ 
mens  were  prestrained  in  tension  prior  to  testing  in  impact  with  a  marked  shift  of  the 
transition  curve  resulting.  Authors  concluded  that  the  following  phenomena,  in  their 
order  of  importance,  produce  a  marked  effect  on  the  impact  transition  curves: 

1.  Fatigue  damage  accompanied  by  high  stress  concentrations  associated  with 
fatigue  cracks . 

2.  Gross  plastic  deformation  resulting  probably  in  an  increase  of  the  micro 
(small  scale)  stress  concentrations. 

3.  Fatigue  damage  which  does  not  result  in  macro  stress  concentration  but  which 
is  undoubtedly  associated  with  micro  plastic  deformation. 

7  Insofar  as  the  fatigue  effect  is  concerned, as  we  have  previously  stated  else¬ 
where/  initially  cold-worked  materials  firstly  soften  while  relaxing  residual  stresses 
at  the  scales  of  grains,  subgrains  and  precipitates,  then  some  cavities  are  created  due 
to  the  displacement  and  meeting  of  vacancies  that  pre-exist  or  that  are  due  to  piling-up 
and  intersections  of  dislocations,  and  finally  microcracks  are  produced.  Thus,  it  can 
be  assumed  that  the  fatigue  effect  is  likely  to  cause,  first  of  all,  an  increase  in  duc¬ 
tility,  then  a  decrease  in  ductility.  This  would  result  in  a  moderate  transition  tem¬ 
perature  drop  followed  by  a  transition  temperature  increase  up  to  higher  values  during 
the  fatigue  progress.  This  is  the  trend  shown  by  SALKIN's  tests8  on  low  alloy  steels  as 
treated  to  an  ultimate  strength  of  100,000  lb/in2  with  a  rupvure  elongation  of  26%  and  a 
reduction  in  area  of  70%  at  room  temperature.  Fatigue  pre-treatment  was  performed  in  axial 
tension-compression  on  specimens  from  which  V-notched  Charpy  specimens  were  machined. 

In  the  case  of  pre-fatigue  at  20  °C,  Figure  V-D.4a  shows  a  correlation  trend  of  the 
transition  temperature  for  a  50%  brittle  fracture  appearance  with  a  quantity  that  is 
roughly  proportional  to  the  cycle  ratio  n/Nj  it  seems  that  the  fatigue  embrittlement 
passes  through  a  minimum  in  the  low  cycle  ratio  range.  Figure  V-D.4b  shows  that  this 
fatigue  effect  is  more  pronounced  after  a  fatigue  pre-treatment  at  300  #C. 

9 

An  investigation  by  HOLDEN  dealt  with  the  dependence  of  yield  stress  at  20  *C 
and  fracture  stress  at  -196  *C  upon  grain  size  for  0.09%  C  mild  steel  before  and  after 
prolonged  cyclic  stressing  at  the  fatigue  limit  which  was  increased  by  step-increasing 
the  fatigue  stress  (aoaxing  process).  The  yield  stress  at  20  *C  and  the  fracture  stress 
at  -196  °C  were  found  to  be  increased  after  fatigue  treatment.  After  cyclic  stressing, 
the  transition  temperature  T.,  was  found  to  be  constant,  irrespective  of  the  grain  size. 
Figure  V-D.5  is  to  be  oo  jared  with  Figure  V-D.3.  The  cyclic  hardening  and  embrittle¬ 
ment  were  not  adequately  accounted  for  by  processes  of  ageing  and  precipitation  on  the 
slip  planes  active  in  fatigue.  "oU  '-Mt  the  concept  of  activation  energy  used  is  based 
upon  an  average  of  local  phenom  is  •>  it  are  assumed  to  statistically  Independent,  a 
hypothesis  no  longer  exact  in  1  f..ig-TO  phenr^ena  (see  refeienoe  5,  Section  2.5.2). 

NEISZ  and  ERARD10  have  investigate;'  the  low  temperature  brittleness  of  a  0.14* 

C,  Mn-Mo  low  alloy  steel.  After  a  first  fatigue  treatment  (n/N  »  0.5)  at  various  tem¬ 
peratures,  the  ultimate  .crength  of  -196  *C  was  only  slightly  modified  by  a  low  cycle 
fatigue  pre- treatment  at  room  temperature,  whereas  fatigue  pre-treatment  at  300  *c  caused 
the  strength  at  -196  #C  to  be  a  minimum  with  an  important  scatter.  In  tbs  case  of  fatigue 
pre- treatment  at  300  ’c,  the  strength  at  -196  *C  decreased  linearly  as  the  logarithm  of 
the  number  of  fatigue  cycles  increased.  In  order  to  elucidate  whether  the  embrittlement 
was  to  be  attributed  to  fatigue  miorocraoks,  two  groups  of  fatigue  pre- treated  specimens 
were  submitted  to  special  treatments.  The  first  group  was  normalised  by  heat- treatment 
at  900  °C  in  order  to  retain  miorooracks  but  to  eliminate  crystal  distortions;  the 
second  group  was  machined  to  a  depth  of  0.5  mm  to  eliminate  microcracks  while  maintaining 
crystal  distortions  due  to  fatigue.  At  -196  *C  the  first  group  showed  the  virgin  mate¬ 
rial  strength  whereas  the  second  group  had  the  strength  of  the  fatigued  material.  More¬ 
over,  fatigue  at  300  *C  yielded  a  shift  of  the  transition  tenmeratures  for  fracture 
elongation  and  reduction  in  area,  the  maximum  values  of  eaah  being  significantly  lowered. 

In  a  review  on  an  explanation  of  fracture  initiation  close  to  welds  by  exhaustion 
of  ductility  after  hot  straining,  MVLONAS  and  ROC KEY*1,  stated:  "Numerous  tests  confirm 
that  a  small  amount  of  cold  extension  may  not  exhaust  the  ductility  in  tension  to  the 
same  degree  as  a  piecompression.  Tests  show  that  plastic  compression  at  tesperatures 
up  to  about  370  *C  greatly  reduces  the  ductility  in  subsequent  extension  at  24  *C  and 
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Fig.V-D.3  Effect  of  tensile  ductility  on  notch-bend 
fracture  toughness  at  two  testing  temperatures.  From 
Vishnevsky  and  Steigerwald4 
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Fig.V-D,5  Effect  of  stressing  at  fatigue  limit  on 
transition  temperature  of  mild  steel.  From  Holden* 
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Flg.V-D.4  Effect  of  fatigue  at  20*C  and  300* C  on  50%  fibrous  transition  temperature.  From  Salkin* 
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at  -26  °C".  MYLONAS  performed  tests  on  pre-compressed  notched  plates  submitted  to 
localized  lateral  pressings  to  remove  the  residual  tensions,  and  showed  that  the  resid¬ 
ual  stresses  did  not  contribute  significantly  in  the  initiation  of  brittle  fracture. 
Brittle  fracture  was  due  to  the  exhaustion  of  ductility  in  subsequent  tension,  this 
being  produced  by  compressive  prestraining  and  ageing. 


It  is  generally  accepted  that  exhaustion  of  ductility  in  tension  after  precom¬ 
pression  is  due  to  the  flattening  and  alignment  of  flaws  or  cavities  in  a  direction 
perpendicular  to  the  final  tension.  This  process  accounts  for  the  effect  of  hot- 
precompression  but  not  for  the  low  stress  level  fatigue  effect  in  HOLDEN's  tests  and 
the  high  stress  level  fatigue  effect  in  WEISZ  and  ERARD's  tests.  We  propose  the  more 
general  complementary  process  we  have  previously  considered  in  fatigue  and  phenomena 
related  to  Bauschinger' s  effect  (see  reference  5,  Section  2.1.3).  It  may  be  stated 
that!  a  range  of  temperatures  exists  in  which  fatigue  or  reversed  straining  changes 
the  distribution  in  stability  of  crystal  lattice  distortions  by  relieving  low  stability 
distortions  and  increasing  the  stability  of  distortions  that  are  not  eliminated;  these 
remaining  distortions  become  thus  very  stable  under  subsequent  loading  at  low  temperature 
that  is  overloading  them  and  creating  microcracks  which  decrease  the  local  ductility. 
Fatigue  or  precompression  at  room  temperature  would  be  insufficient  to  cause  elimination 
of  a  significant  part  of  lattice  distortions  whereas  fatigue  or  precompression  at  a 
high  enough  temperature  could  eliminate  a  number  of  distortions,  thus  leaving  a  free  region 
for  the  low  temperature  subsequent  loading  to  create  undor  plastic  strain  a  new  set  of 
lattice  distortions  with  continuous  distribution  of  higher  stability  level  which  limits 
the  plastic  elongation  and  favours  formation  of  microcracks. 

Aircraft  structures  may  be  exposed  to  widely  varying  strain  rates.  In  precracked 
components,  local  strain  rates  at  crack  tips  are  nigher  than  nominal  strain  rates  over 
the  net  cross-sectional  areas,  which  is  due  to  high  negative  stress  gradients  which  cause 
the  strain  rate  in  a  point  ahead  of  the  crack  tip  to  be  dependent  on  its  distance  from 
the  crack  tip  and  on  the  crack  propagation  velocity. 

A  distinction  should  be  made  between  the  onset  of  slow  crack  propagation  during 
which  the  crack  propagation  velocity  mainly  depends  upon  the  loading  rate,  and  the  rapid 
crack  propagation  velocity  beyond  the  critical  crack  length  in  which  the  much  nigher 
crack  propagation  velocity  mainly  depends  upon  elastic  energy  stored  in  the  whole  speci¬ 
men  and  its  loading  system. 


It  may  be  suggested  that  the  loading  rate  effect  is  likely  to  be  significant 
only  at  the  onset  of  slow  crack  propagation.  This  is  well  supported  by  tests  performed 
by  BROEK  and  NEDERVEENl3  on  2024-T3  alolad  and  7075-T6  alclad  aluminium  alloy  sheets, 
using  2-mm  thick  and  300-mm  wide  specimens  containing  45-mm  and  90-mm  long  centre  jewel¬ 
ler's  sawed  slots.  These  tests  showed  a  deorease  of  about  20%  in  net  stress  at  the  onset 
of  slow  crack  propagation  for  decreasing  test  durations  from  1800  sec  to  2  sec,  whereas 
critical  lengths  and  residual  strengths  were  not  significantly  modified  for  loading 
durations  from  1800  sec  to  0.4  sec.  During  fast  crack  propagation  to  fracture,  crack 
propagation  velocities  were  of  the  order  of  100  m/seo  in  2024-T3  aluminium  alloy  sheets, 
and  of  1500  m/sec  in  7075-T6  aluminium  alloy  sheets. 


FORD,  RADON  and  TURNER**  have  investigated  the  fracture  toughness  of  a  medium 
strength  steel  (o  ■  100,000  lb/in2,  o y  «  83,000  lb/in2,  fracture  elongation  ■  231, 
and  reduction  in  areA  ■  53%).  Tests  on  V-notoh  (deepened  or  not  in  fatigue)  bend  speci¬ 
mens,  under  slow  static  loading  and  under  impact  loading,  showed  that  the  results  depend 
on  absolute  sizes  and  thiokness  of  specimens,  and  on  the  loading  rate.  Loading  rate 
effects  occurred  only  with  the  large  thickness  specimens  which  fractured,  when  test 
temperatures  were  sufficiently  low  under  stresses  below  corresponding  yeild  stresses, 

The  50%  shear  appearance  transition  temperature  in  the  fracture  of  small  preoraoked 
specimens  varied  from  -55  *c  in  slow  tests  to  -17  *C  in  impact  tests. 


The  loading  rata  effect  on  the  low-temporature  strength  of  fatigua-preoracked 
specimens  is  more  pronounced  than  in  the  case  of  notched  specimens  although  in  tests 
performed  by  8RAWLEY  and  8 EACH EM** ' 16  on  422-martensitio  stainless  steel  sheets,  the 
decrease  in  net  strength  of  about  20%  was  accompanied  by  a  more  fibrous  aspect  of  the 
freotured  area. 

17 

MAR3CHALL  has  reviewed  the  metallurgical  aspects  of  brittle  fracture  problems 
evolved  from  using  steels  heat-treated  to  an  ultimate  tensile  strength  near  the  maximum 
attainable.  Metallurgical  factors  affecting  the  brittle-ductile  transition  temperature 
and  the  low- temperature  toughness  of  stsels  ere  related  tot 

-  carbide  particle  dispersion  in  the  ferrite  matrix, 

-  the  ohomlcal  composition  in  dissolved  elements,  grain  sise  and  submicrosoopio 
structure  of  the  ferrite  matrix, 

-  the  amount  of  retained  auotenite, 

-  the  distribution  of  nonmetallio  inclusions. 

In  quenching  steels  from  the  austenite  condition  to  produce  martensite,  the 
cooling  rate  in  certain  areas  of  a  part  may  not  be  fast  enough  to  avoid  the  formation 
of  some  pearlite,  bainite  and  "free''  ferrite  (i.e,,  ferrite  formed  prior  to  the  martensite 
transformation  of  auatenite).  After  tempering  the  brittle-duotile  transition  temperature 
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of  these  mixed  structures  are  inferior  to  those  of  an  entirely  martensitic  structure. 

Certain  steels  such  as  the  American  4340  steel  are  more  brittle  when  tempered 
near  260  °C  than  if  tempered  at  slightly  lower  or  slightly  higher  temperatures.  This 
can  be  overcome  by  the  addition  of  one  to  two  per  cent  of  silicon  in  the  steel  alloy. 

For  mild  steel  containing  0.02%  carbon,  the  brittle-ductile  transition  tempera¬ 
ture  of  ferrite  is  higher  with  larger  grain  and  subgrain  sizes.  However,  for  ingot  iron, 
the  transition  temperature  increases  with  a  decreasing  size  of  subgrains. 

18 

For  annealed  ship  steels,  OWEN  et  al.  observed  that  the  transition  temperature 
increased  with  ferrite  grain  size,  pearlite  patch  size,  and  the  related  parameters  of 
austenite  grain  size.  The  correlation  was  found  to  be  the  strongest  with  ferrite  grain 
size.  In  normalized  structures,  the  variation  of  transition  temperature  could  not  be 
explained  in  terms  of  the  above  metallographic  parameters.  It  was  concluded  that  cooling 
rate,  and  probably  differences  in  composition,  could  produce  effects  which  influence  the 
transition  temperature  but  which  could  not  be  measured  by  light  microscopy19.  Electron 
microscopy  might  reveal  significant  details  such  as  density  and  location  of  dislocation 
clusters. 

For  high-strength  martensitic  steels  of  fine  grain  size,  the  size  of  martensite 
platelets  is  associated  with  the  grain  size.  Fine  martensite  platelets  correspond  not 
only  to  better  fracture  transition  properties,  but  also  to  higher  strengths  than  coarse 
platelets.  We  assume  that  good  properties  are  due  to  martensite  platelets  small  enough 
to  maintain  lattice  coherence  with  the  ferrite  matrix. 

Exposure  of  certain  steels  to  a  temperature  below  the  austenite-ferrite  trans¬ 
formation  range,  but  not  high  enough  to  modify  the  carbide  dispersion  and  room- temperature 
properties,  may  increase  the  brittle-ductile  transition  temperature,  but  no  satisfactory 
explanation  is  available  and  an  ordinary  microstructural  examination  of  these  steels 
does  not  reveal  any  related  indication  on  structural  changes. 

In  other  oases,  tempering  at  temperatures  within  370  °C  to  570  ®C  produces  a 
significant  increase  of  the  brittle-ductile  transition  temperature  with  little  or  no 
effect  on  ultimate  tensile  strengths  and  without  any  visible  structural  change  (temper 
embrittlement) .  Blue  brittleness  is  exhibited  by  some  steels  after  being  heated  to 
some  temperature  within  160  4C  to  300  °C,  and  more  especially  if  the  steel  is  wrought 
at  the  elevated  temperature.  Fairly  completely  deoxidized  (''killed")  steels  are  free  of 
blue  brittleness. 

Strain-ageing  embrittlement  of  mild  steels  occurs  after  cold-working  followed 
by  ageing  at  room  temperature  or  at  moderately  elevated  temperatures  up  to  260  °C.  This 
is  not  accompanied  by  any  visible  structural  change.  It  may  be  suggested  that  this 
results  from  the  effect  of  cold-working  and  ageing  on  the  distribution  of  slip  barriers, 
some  of  them  being  eliminated,  and  the  stability  of  others  being  increased  by  local 
ordering  of  interstitial  solute  atoms. 

The  influence  of  elements  dissolved  in  ferrite  on  the  brittle-ductile  transition 
temperature  has  been  investigated  by  REES  et  al.20  23  at  the  National  Physical  Labora¬ 

tory  in  England  from  1951  to  1954.  Various  elements  including  oxygen,  silicon,  nickol, 
chromium,  molybdenum,  manganese  and  carbon  were  added  to  high-purity  iron.  It  seems 
that  interstitial  elements,  carbon  and  oxygen,  are  more  effective  in  modifying  the 
transition  temperature  than  are  substitutional  elements.  It  has  been  suggested  that 
the  main  role  of  alloying  elements  is  to  control  or  tie  up  interstitial  elements. 

Previously  quoted  tests  performed  by  VISHNEVSKY  and  STEIOERWALD*  on  a  0.35%  C, 

3%  Ni,  Cr-Mo-v  base  steel  with  various  contents  in  alloying  elements,  C,  Mn,  Cr,  Ni, 

Mo,  V  and  Al,  an'*  using  preoraoked  V-notch-bend  specimens,  have  shown  that  C,  Mn,  Cr  and 
Mo  elements  raise  the  transition  temperature  whereas  V  and  Ni  lower  it  and  improve  the 
notch  strengths  at  low  tempeaatures . 

From  the  above  short  review  on  low- temperature  properties  of  notched  parts,  we 
will  underline  that  the  low- temperature  brittleness  of  steels  or  other  susceptible 
materials  should  be  investigated  preferably  on  preoraoked  specimens  of  representative 
thickness,  and  if  possible,  machined  from  actual  forgings  or  rough  materials  having  under¬ 
gone  all  heat-  and  strain- treatments  used  for  actual  parts.  Test  conditions  should  be 
representative  of  service  environment,  temperature  and  loading  rate  conditions.  Our 
preference  is  for  toughness  measurements  on  slow  bend  fatigue-precracked  specimens  on 
condition  that  preliminary  tests  results  show  correlation  with  full-scale  tests  on 
aotual  parts  in  which  damage  or  production  defects  will  have  been  aimuleted. 

Designers  are  mainly  interested  in  quantities  or  parameters  directly  related  to 
service  behaviour  of  structures.  Therefore,  even  in  investigations  aimed  to  aeleot 
metallurgical  treatments  and  using  impact  tests  on  V-notohed  fatigue-precracked  speci¬ 
mens,  it  is  considered  necessary  to  verify  the  correlation  between  impact  energy  and 
toughness  in  the  whole  field. 

Cases  of  in-flight  catastrophic  failure  of  a  F-lll  American  military  aircraft 
and  premature  failure  during  full-scale  structural  fatigue  teats  in  a  forged  steal  part 
of  the  wing  carry  through  box  made  from  high-strength  steel  treated  to  an  ultimate 
strength  of  about  220,000  lb/in2,  have  aaused  full-scale  proof-testa  to  be  carried  out 
on  all  airoraft  after  some  period  of  service.  Xn  order  to  represent  possible  brittle 
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conditions  at  low  temperatures  undergone  in  flight  at  high  altitudes,  each  aircraft  was 
proof-tested  to  design  limit  load  conditions  in  a  very  large  chamber  cooled  down  to  -40 
°C.  From  structural  investigations  on  the  F-lll,  HINDERS2*  stated  that  "metallurgical 
examination  near  the  hole  area  where  the  fatigue  crack  originates  had  revealed  that  there 
was  an  area  of  untempered  martensitic  grain  structure  at  the  surface  of  the  hole  and  that 
the  hole  itself  was  drilled  and  reamed  in  a  local  hard  spot  which  resulted  in  dulling 
the  drill  and  generating  the  excessive  heat  which  caused  the  untempered  martensite. 

This  very  brittle  material  then  cracked  as  the  interference  fit  "taperlok"  bolt  was  drawn 
up  into  place.  Experience  with  steel  used  in  the  F-lll  has  shown  a  great  sensitivity  of 
stress  intensity  factor  to  failure  to  heat  treatment  variables.  The  heat-treatment 
processes  of  normalizing,  austenizing  and  quenching  could  produce  wide  variation  in  Kj. 
values  even  within  a  single  part  or  from  heat  to  heat  of  the  same  part".  In  this  case, 
two  specimens  of  D6ac  steel  from  different  heats  might  possess  the  same  measured  o  and 
yet  have  a  two  to  one  range  of  Klc.  * 

Fatigue  precracked  parts  made  from  high-strength  aluminium  alloys  suffer  no 
additional  embrittlement  effect  at  low  temperatures.  HALL  and  FINGER25  have  investigated 
the  toughness  of  fatigue  precracked  25.4-mm  thick  2014-T62  aluminium  alloy  plates  that 
were  tested  in  ambient  air,  in  liquid  nitrogen  at  -196  °C,  and  in  liquid  hydrogen  at 
-253  °C.  With  specimens  containing  a  centre  surface  flaw  and  loaded  in  the  long  direction, 
K  was  found  to  be  fairly  independent  of  the  test  temperature,  showing  that  no  low- 
temperature  effect  exists  for  this  aluminium  alloy.  Titanium  alloys  also  are  only  slightly 
sensitive  to  low  temperatures25'  25 . 

Except  for  some  fatigue  pre-treatment  in  the  material  close  ahead  of  the  crack  tip 
due  to  high  level  flight  loads,  the  residual  static  strength  in  service  differs  little 
from  that  shown  in  laboratory  tests  performed  on  similar  parts  containing  a  sharp  notch 
deepened  in  fatigue. 

Ten  years  ago,  we  were  concerned  with  investigations  on  two  catastrophic  in-flight 
failures  of  old  military  aircraft  that  occurred  in  lower  booms  of  the  wing  forward  spars 
made  from  2014  aluminium  alloy  forgings.  In  one  case,  brittle  fracture  originated  from 
a  fatigue  crack  of  very  small  extent  (0.5%  of  the  total  lower  boom  cross-sectional  area) 
that  was  initiated  by  fretting  at  a  bolt  hole  edge  (see  Figure  V-D.6).  In  the  other 
case,  an  initial  flaw  existing  at  an  external  sharp  angle  only  covered  about  0.4%  of  the 
total  cross-sectional  area.  In  both  cases,  fracture  surfaces  showed  no  evidence  of 
stress  corrosion  and  the  circumstances  of  the  accidents  led  to  the  assumption  that  a  reduc¬ 
tion  of  at  least  30%  in  ul* imate  rupture  strength  had  occurred. 

Figure  V-D.7  shows  the  fracture  surface  of  a  wing  attachment  fitting  made  from 
a  7079-T6  aluminium  alloy  forging,  the  fracture  of  which  occurred  during  a  laooratory 
full-scale  fatigue  test  of  the  aircraft  structure.  Small  fatigue  areas  are  visible  on 
both  sides  of  the  bolt  holes.  The  total  fatigue  area  is  only  2.8%  of  the  net  cross- 
sectional  area  of  the  lower  flange.  These  small  fatigue  cracks  caused  such  a  considerable 
loss  in  bending  strength  that  failure  occurred  at  98.3%  of  the  design  limit  load  after 
a  fatigue  test  life  corresponding  to  2138  flight  hours  of  fighter  operations, 
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KIRBKY  and  EYNON  have  made  investigations  on  a  multibolt  joint  to  establish 
the  relationship  between  fatigue  damage  and  residual  static  strength.  The  joints  con¬ 
sisted  of  a  bar  made  from  extruded  British  L  65  aluminium  alloy  (similar  to  2014-T6) . 

Joints  which  had  previously  been  subjected  to  varying  histories  of  fatigue  loading  were 
fractured  under  static  loads.  It  was  found  that  joints  which  showed  no  evidence  of 
fatigue  cracking,  when  fracture  surfaces  were  examined  to  the  naked  eye,  retained  their 
original  static  strength.  Figure  V-D.8  show  the  relationship  between  the  percentage 
of  the  cross-sectional  area  precracked  in  fatigue  and  the  residual  static  strength 
expressed  as  a  percentage  of  the  original  strength.  It  also  appeared  that  there  was  no 
large  reduction  in  strength  until  more  than  80%  of  the  fatigue  life  had  been  consumed. 

We  assume  that  the  greater  reduction  experienced  in  parts  made  from  forgings 
may  be  due  to  the  varying  metallurgical  condition  of  different  part  areas,  and  possibly 
the  consequence  of  machining  that  causes  grain  direction  to  form  an  angle  with  external 
machined  surfaces. 

We  believe  that  tests  on  small  specimens  are  of  interest  only  if  specimen  thick¬ 
ness,  material  conditions,  and  the  locations  of  initial  cracks  are  representative  of  actual 
problems.  Too  frequently,  scientists  seeking  an  invariant  property  and  being  desirous  to 
compare  their  results  with  those  of  other  laboratories  are  planning  test  conditions  that 
are  different  from  any  service  condition.  In  this  connection,  tests  of  HALL  and  FINGER25 
on  thick  plates  containing  surface  oraoks  at  the  hole  edges  are  simulating  well  some  u? 
the  more  important  service  conditions.  However,  it  would  be  worth  noting  that  service 
fractures  often  appear  following  stress-corrosion  crack  propagation  originating  from 
manufacturing  flaws,  fatigue  cracks,  fretting  damages  or  corrosion  pits. 


V-D.  3  STRESS- CORROSION  AND  RELATED  PHENOMENA 

As  in  the  fatigue  test  field,  but  more  recently,  the  situation  in  stress-corrosion 
testing  is  evolving  toward  more  representative  tests.  In  fatigue  testing,  it  was  possible 
to  contract  test  duration  with  little  effect  on  results,  except  when  corrosion,  thermal 
stresses  or  dynamio  response  were  present.  On  the  contrary,  it  is  difficult  to  accelerate 
stress-oorroslon  tests  without  modifying  the  investigated  phenomena.  However,  since  tests 
would  take  too  long  if  they  were  performed  in  real  time,  accelerated  methods  that  were 
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assumed  of  uompaiatlva  valvia  have  bean  ganttaily  used,  Karller  laboratory  sy>esa*'e»e- 
roslon  tests  wove  ear vied  out  on  smooth  specimens  in  the  presence  of  a  SK)»-N*G1  aqueous 
solution  even  though  moat  service  dif f leultles  experienced  in  aircraft  structures  wove 
duo  to  slightly  acid  ov  slightly  alkaline  oondanaod  water.  hater,  the  moat  used  alkaline 
environment  nonet  a ted  of  l.it  Na61  m  water,  A a  actual  corrosion  Involves  an  important 
aotiion  of  oxygen,  the  usual  practice  is  now  to  carry  out  stress-corrosion  tests  by  ef¬ 
fecting  a  so-called  "alternate  immeraion"  sequence  of  successive  immersions  into  and 
emersions  from  a  i,9l  Nael  aqueous  solution.  These  tests  seldom  last  for  more  than 
DO  days,  after  which  it  is  assumed  that  8t.*ess>corrosion  risks  no  longer  exist. 

Certain  disillusioning  service  behaviour  of  alloys  that  had  satisfied  specifi¬ 
cations  through  conventional  testa  revealed  that  most  of  the  dangerous  corrosions  of 
aircraft  structures  in  operation  are  due  to  Alternate  water  condenaation  into  assembly 
interstices  from  which  air  escapes  at  high  altitude  while  the  part  is  cooled  down,  and 
then  on  rapid  descent  to  landing,  when  hot  air  enters  and  water  vapour  condenses.  The 
corrosion  process  is  one  of  differential  aeration  and  involves  electrochemical  reactions 
quite  different  from  those  acting  in  conventional  laboratory  teats. 

Moreover,  a  distinction  must  be  made  between  initiation  and  propagation  phases 
of  stress-corrosion,  incipient  stress-corrosion  is  delayed  by  surfaae  protection  of 
actual  parts,  whereas  it  can  occur  at  a  number  of  neighbouring  pits  on  bare  specimens, 
in  the  latter  case,  it  may  be  questioned  whether  tests  performed  under  fixed  deflections 
are  of  significance  since  a  number  of  incipient  cracks  decrease  the  atresaes  produced 
by  the  fixed  deflections,  whereas  stress-corrosion  crack  propagation  in  actual  parta 
often  have  well  localised  origins  such  as  scratches,  scores,  protection  defects,  fretting, 
wear,  or  fatigue  cracks,  list a  on  duration  of  the  propagation  phase  are  less  scattered 
than  initiation  data  and  correspond  better  to  actual  aervlae  phenomena  where  initiation 
is  generally  due  to  one  or  several  of  the  above  mentioned  causes  or  may  be  even  pre¬ 
existent. 


For  these  reasons,  surface  corroaion  initiation  ahould  be  considered  in  connec¬ 
tion  with  the  various  protective  coatings  and  with  the  maintenance  procoases.  on  the 
contrary,  once  an  incipient  craok  exists,  its  propagation  under  streaa-oorroaion  depends 
only  on  material,  stress  field  and  environmental  conditions. 

Although  the  statement  haa  often  been  made  that  materiel  ahould  be  sufficiently 
protected  against  corrosion  pitting  so  that  a  stress-corroaion  craok  will  not  initiate 
under  service  conditions,  it  must  be  observed  thet  surface  protection  is  mainly  aimed  at 
restricting  the  number  of  areas  where  corroaion  pits  can  form  and  so  minimise  the  pos¬ 
sibility  of  stress-corrosion  in  vital  areas. 

It  should  be  noted  that  certain  heat- treatments  modify  the  relative  importance 
of  the  initiation  and  propagation  phases  of  etress-aorrosion.  Por  example,  the  T6  ageing 
of  3024  Aluminium  alloy  increases  pitting  sensitivity  while  decreasing  risks  of  inter¬ 
granular  corrosion,  As  stated  by  uHUMMSR  et  al,*8  for  the  7075  aluminium  alloy,  the 
overageing  T74  treatment  can  induce  a  great  resistance  to  crack  initiation  while  stress- 
corrosion  crack  propagation  is  little  modified. 

Prom  pH  and  corrosion  potential  measurements  performed  at  craok  tips  under 
applied  atresaes,  DAVIS*8  stated  that  3436-H117  and  7075-TG51  aluminium  alloys  should 
both  be  considered  suaaeptible  to  stress-corrosion,  although  3436-H117  had  previously 
bean  considered  immune  to  stress-corrosion  while  7Q75-T631  was  considered  very  susceptible. 

BQ&CHRRS  and  TKNCKHOPP50  have  investigated  ,*,e  influence  of  surface  condition 
on  the  stress  oorrosion  of  an  Al-Mg-an  aluminium  alloy  casting  and  have  shown  that  the 
improvement  effected  by  shot  peening  results  not  simply  from  surface  compressive  residual 
stresses  but  working  deformation  destroys  grain  bouniaries  at  the  surface.  In  high- 
strength  aluminium  alloys,  the  almost  general  foatuie  in  stress  oorrosion  is  intergranular 
cracking.  Therefore,  the  stress  oorrosion  pvooess  uan  only  begin  when  the  cold-worked 
surface  layer,  which  shows  no  well-defined  grain  boundary  structure,  haa  been  penetrated 
by  pitting  oorrosion,  And  grain  boundaries  of  the  dtapor  material  are  exposed.  Note 
that  the  "bailby  layer"  of  the  mrface  cold-worked  material  is  more  anodic  and  will 
protect  the  bulk  material  until  pits  are  deep  enough  to  aat  as  crevices  in  which 
electrolyte  acidifies  and  corrosion  potential  evolves  in  the  active  direction. 

The  importance  of  surface  condition  is  well  supported  by  an  investigation  of 
COCKS  who  appraised  the  degree  of  conjoint  aotion  between  stress  and  corrosion  in 
stress  oorrosion,  using  a  new  test  procedure  which  consists  of  measuring  the  reduction 
in  subsequent  stress  oorrosion  lifetime  after  a  precorrosion  without  application  of  stress. 
Stress  oorrosion  index  (SCI)  is  defined  as 

SCI  -  1  +  §£  , 

where  y  is  the  time  to  failure  after  preaorrosion  and  x  is  the  time  during  whiah  the 
specimen  was  exposed  to  preoorrosion  without  stress.  For  the  corrosion  of  7073  aluminium 
alloy  in  a  deaerated  one  normal  NaCI  agueous  solution  buffered  to  pH  4.7  at  30  °c  with 
an  anodic  current  density  of  0.3  mA/am*,  and  a  stress  of  about  90%  of  the  yield  value 
applied  in  tho  short  transverse  direction,  the  stress  oorrosion  index  was  found  to  oe 
SCI  -  1  for  aleotropolished  speaimers  in  which  precorrosion  plays  no  part.  For  as- 
machined  specimens,  stross  corrosion  lifetime  was  about  five  times  that  of  electro- 
polished  specimens  but  precorrosion  reduced  it  to  the  preceding  value  while  maintaining 
the  total  time  under  oorrosion.  Specimens  reheated  and  retreated  had  similar  behaviour 


but  stress  eor*'osien  lifetime  was  only  three  times  that  of  eleeitropoUshed  specimens. 

This  proves  that  a  surface  layer  Is  involved  and  therefore  underlines  the  need  to 
investigate  the  various  surface  conditions  obtained  in  the  aotual  manufacturing  processes 

In  hiuh-strength  tools  #  brittle  i,  •  nature  may  be  caused  by  hydrogen  induced 
embrittlement  due  to  a  deficiency  in  the  degassing  process  that  muat  follow  electrolytic 
oadmium  plating  Fast  crack  propagation  may  also  occur  by  a  progressive  embrittlement 
due  to  the  hydrogen  evolving  during  stress-corrosion •  Porous  cadmium  plating  can 
present  difficulties  in  degassing  but  the  pores  should  be  then  filled  with  a  polymer  In 
order  to  avoid  hydroxyl  ions  re-entering  the  pores  and  serving  as  a  very  efficient  elec¬ 
trolyte  for  the  cadmium- steel  "battery"  at  each  intarface-daep  pore  (from  ANDERSON33). 

To  increase  service  safety ,  it  is  still  useful  to  choose  materials  having  low 
sensitivity  to  stress-corrosion  And  to  brittle  fracture.  The  designer's  aim  la  to 
ensure  both  slow  stress-corrosion  crack  propagation  and  that  cracks  may  bacoma  large 
enough  to  be  detectable  before  they  cause  a  significant  drop  In  statio  strength. 

Service  behaviour  and  laboratory  testa  could  be  aonaiderod  according  to  tne 
following  headings i 

1.  Causes  of  initial  defect!. 

2.  influence  of  the  corroded  area  location  in  the  structure  on  the  electro¬ 
chemical  process  involved. 

3.  Selection  of  materials  having  possibilities  for  trade-off  between  pitting, 
intergranular  and  atreai-oorrosion  sensitivities ,  tensile  strength  and 
fatigue  strength  characteristics. 

4.  Effects  of  the  stress  distribution  and  of  its  variation  during  oraak 
propagation. 

5.  Brittleness  of  creaked  parts. 

Some  non- limitative  examples  of  initial  protection  defeats  in  steels  aret 

*  Undetected  quenching  flaws  due  to  tensile  stresses  produced  by  rapid  cooling, 
the  'levels"  of  wKTcn  'depend  on  faotors  such  as  steel  hardness,  aooling  rate 
and  stresa  concentration  in  the  part.  Figure  V-D.9  show#  a  nketch  of  an  in¬ 
flight  inoident  in  a  sorewed-down  bolt  oausad  by  fatigue  araok  propagation 
originating  from  a  quenching  flaw.  Before  tempering,  the  roughly  machined 
part  had  a  sharp  angle  between  head  and  ehank.  Quenahing  induced  tensile 
stresses  of  a  level  high  enough  to  cause  a  surface  flaw  which  was  partially 
eliminated  by  the  final  machining,  leaving  very  smell  cracks  in  the  fillet. 

-  Chromium  plating  of  steels  causing  passivation  by  oxidising  so  that  they 
EeKave  as  noble  electro-positive  metals.  sucK  a  chromium-plated  steal  pin 
in  oontaot  with  an  unprotected  steel  bushing  may  cause  the  bushing  surface 
to  oorrode. 

-  Contact  with  more  active  metals  causing  hydrogen  cracking,  as  described  by 
HfcN’tHfilOtfkJJ-  for  martensitic  precipitation  hardening  stainless  steel  in  con¬ 
tact  with  aluminium  alloys. 

-  Defects  in  cadmium  plating  that  create  a  local  cathodic  area.  This  was  the 
oaae  of" the  high-strength  H-ll  steel  bolt  which  suffered  an  in-flight  fracture 
as  illustrated  in  Figure  V-D.13. 

-  Pitting  by  acid  solution  to  initiate  a  stress-corrosion  araok.  This  is  illus¬ 
trated  in  Figure"  v  -b, 14  whiuh  shows  a  brittle  fracture  that  occurred  during 

a  static  proof-test  under  internal  pressure  of  a  reinforcement  ring  of  a 
rocket  nossle. 

-  Poisonous  elements  such  as  H«s  or  As  can  accelerate  hydrogen  ovolution  in 
stress-  corrosion  pr  oca  s  r  e  s  or  stee'. 

In  aluminium  alloys,  initial  defects  may  bet 

-  Cracks  induced  by  cold-working  oorreotion  of  bending  or  warping  deflections 
arising  from  previbus'"he«t- treatments . 

-  Rupture  of  the  paint  film  at  edges  of  external  rivet  heads  by  relative 
displacements  in  atiaemblias ,  and  subsequent  corrosion  of  vermicular 
appearance  extending  into  the  aluminium  cladding,  if  any  exists,  or 
possibly,  in  absence  of  any  anodio  cladding  or  spraying,  craviae 
corrosion  between  rivet  shanks  and  bores. 

-  Cracks  around  rivet  heads  in  the  alumina  film  of  anodised  sheets. 

In  all  alloys  the  following  kinds  of  defect  may  be  encountered! 

-  Damage  by  concentrated  sharp  contact  as  illustrated  in  Figure  v-D.10. 
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THE  SHARP  EDGE  OF  THE  HOLE 
DAMAGES  THE  FILLET  OF  THE  SCREWED  - 
DOWN  PART  AND  GENERATES  AN 
INCIPIENT  CRACK 

Fig,V-D.I0  Damage  by  concentrated  sharp  contact  in  a  fillet 
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-  Figure  V-D.ll  illustrates  the  thinning  of  the  protective  coating  layer 
around  a  sharp  edge,  giving  a  weaker  protection  and  a  higher  probability 
of  damage. 

-  Surface  damage  by  wear  or  fretting  inflexed  or  movable  assemblies.  Figure 
V-D.12  illustrates  the  case  of  a  brittle  failure  that  occurred  during 
a  fatigue  test  on  a  tubular  element  made  from  nigh-strength  35  J  C  0  16 
steel  (similar  to  4340  US  steel)  tempered  for  a  tensile  ultimate 
strength  of  260,000  lb/in2.  Under  the  action  of  a  bending  load,  the 
electrolytic  chromium  plating  was  removed  at  the  sharp  edge  of  the  encasing. 

A  crack  was  then  propagated  under  corrosion-fatigue  conditions. 

-  Pitting  during  inter-operations  storages  in  manufacture. 

-  Scratches  and  scores  resulting  from  handling  during  assembly  or  maintenance 
operations. 

-  Unprotected  areas  due  to  hand-filing  at  the  time  of  final  assembly  of 
parts  into  structure. 

-  Short  transverse  cracking  by  stress-corrosion  or  by  fatigue  under 
local  vibrations  may  become  dangerous  in  parts  loaded  longitudinally 
under  general  fatigue  loads  that  cause  the  direction  of  crack 
propagation  to  change. 

-  In  a  similar  way,  a  fatigue  crack  due  to  local  vibrations  may  be 
relayed  by  stress-corrosion. 

Most  frequently,  stress-corrosion  damages  occur  close  to  parting  lines  in  die 
forgings  where  forging  fibres  are  cut  by  machining,  and  more  generally  in  areas  where 
tensile  stresses  exist  continuously  in  the  short  transverse  direction.  Figure  V-D.15 
illustrates  the  failure  of  a  forging  made  from  2014  aluminium  alloy  and  submitted  to 
ground  load  under  the  aircraft  weight.  The  forging  had  a  tubular  shape  in  the  cracked 
region  and  was  assembled  with  an  inner  steel  tube  shrink-fitted  in  liquid  nitrogen. 

The  fracture,  250  mm  long,  occurred  suddenly  while  the  aircraft  was  at  a  standstill. 

The  brittle  aspect  of  the  fracture  is  shown  in  Figure  V-D.15  b.  The  fracture  was 
caused  by  surface  cracks  due  to  intergranular  stress-corrosion  and  originated  from  the 
inner  surface  of  the  part  in  contact  with  the  steel  tube  and  was  close  to  the  due- 
forging  parting  line.  Figure  V-D.15  c  shows  a  large  number  of  subsidiary  cracks  in 
the  region  near  the  fracture.  Figure  V  -D.15  d  is  a  micrograph  which  shows  the  crack 
path  in  the  direction  of  grain  flow. 

Corrosion  is  governed  by  the  action  of  an  electrolyte,  which  is  often  aqueous, 
in  the  presence  of  surface  differences  resulting  from  heterogeneities  in  composition 
and  in  chemical  and  physical  properties.  Besides  micro-differences  existing  in  the 
material  itself,  corrosion-generative  differences  can  be  influenced  by  the  location  of 
the  corroded  area  in  the  structure. 

In  aircraft  structures,  corrosion  by  differential  aeration  is  the  most  frequent 
case.  The  local  electrolyte  is  generally  provided  by  condensation  of  atmospheric  water 
vapour  onto  a  cold  surface.  Pitting  corrosion  of  metallic  materials,  bare  or  passivated 
by  an  oxide  film,  is  favoured  by  drop  condensation  of  water. 

In  numerous  cases,  corrosion  cells  in  storage  tanks  result  from  sludge  deposits 
or  from  stratification  of  liquids  having  different  densities.  The  microbiological 
corrosion  at  the  bottom  of  aircraft  fuel  tanks  is  due  to  the  presence  of  water,  deposits 
of  sludge,  and  to  bacterial  growth  that  releases  acid  products  of  metabolism.  Hetero¬ 
geneities  in  aeration  and  acidity  create  corrosion  cells. 

Gasket  materials  or  thermic-  and  acoustic-insulating  materials  able  to  leach 
chloric  or  sulphuric  products  at  room  temperature  or,  by  accident,  at  elevated  tempera¬ 
tures,  may  cause  corrosion.  In  certain  cases,  electrolytes  result  from  leakage  of 
aggressive  products  such  as  acid  vapours  from  batteries,  alkaline  or  acid  liquids  es¬ 
caping  from  galleys  and  toilets  in  passenger  airplanes,  leakage  or  emission  of  foods  or 
chemical  compounds  from  the  freight,  as  well  as  traces  of  contamination  arising  from 
the  fabrication  which  the  cleaning  and  protection  processes  have  not  removed. 

In  aircraft,  condensed  water  accumulates  in  the  cold  zones  of  poor  ventilation 
such  as  bottom  of  fuselage,  stringer  of  closed  top-hat  shaped  cross-section,  or  low 
situated  cavities  and  recesses.  Because  of  the  contraction  and  expansion  of  air  due  to 
variation  in  altitude  and  temperature,  water  vapour  enters  easily  into  all  cavities  and 
gaps.  When  cavities  are  colder  than  the  environmental  atmosphere,  condensed  water  can 
spread  and  remain  there  for  a  time  long  enough  to  produce  corrosion  damage.  Particularly, 
paint  or  varnish  films  are  always  porous.  When  they  cover  interstices  or  when  blisters 
form  due  to  local  defects  of  adhesion,  water  enters  the  cavities,  and  the  corrosion 
products  raise  the  film,  and  extend  the  peeling  of  the  film  to  failure  and  subsequent 
scaling.  Attachment  of  equipment  onto  a  cold  metallic  surface  may  provide  a  gap  which 
will  retain  condensed  water  and  favour  corrosion. 

Internal  condensation  of  water  can  destroy  the  aluminium  honeycomb  sandwich 
material,  when  joints  show  evidence  of  manufacturing  defects  or  in  the  presence  of  fatigue 
cracks,  due  to  the  corrosion  of  the  honeycomb  walls  of  the  sandwich  core.  Further 
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STRESS  CORROSION  CRACK 
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Flj.V-D.13  Stress-corrosion  service  failure  of  a  high-strength 
steel  bolt 
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Flg.V-D.14  Stress-corrosion  of  steel  part  treated  to 
198  daN/mm*  (280000  lb/lnJ) 
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(a )  01*  forging  flbras  art  cut  by  machining. 


(b)  Fractured  surface. 
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(c)  Arrows  Indicate  stress- 
corrosion  near  the 
fractured  surface  as 
viewed  from  inside. 
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(d)  Micrograph  shows 
intergranular  cracks. 
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Flg.V-D.15  Stress-corrosion  In  a  high-strength  aluminium  alloy  part  near  the  parting  line  of  die  forging 
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damage  can  occur  from  expansion  of  the  watermen  it  changes  to  ioe. 

Crevice  oorrosion  can  result  from  a  deep  pit  but  more  often  ooaura  in  gaps 
or  assembly  clearances  as  well  as  under  fouling  deposits  or  sludge.  In  a  pre-existent 
crevice,  oxygen  diffuses  toward  the  cathodic  surface  and  the  difficulty  of  oxygen 
renewal  causes  the  oreviaa  bottom  to  remain  anodia.  Although  corrosion  phenomena  are  of 
very  various  natures,  it  is  worth  noting  the  relative  importance  of  orevioe  or  gap 
corrosion. 

The  resistance  of  materials  to  crevice  and  gap  corrosion  cannot  be  appraised 
from  conventional  oorrosion  tests  of  coupons  to  salt  spray  or  to  exposure  in  sea  or 
industrial  atmosphere.  Accelerated  tests  or  long  time  tests  have  no  significance  in  this 
case.  The  problem  of  the  correot  representation  of  oorrosion  in  crevioos  or  gaps  might 
be  investigated  in  two  ways.  First,  it  is  possible,  ao  proposed  by  ANDERSON 33  to  use 
a  special  short  specimen  containing  a  oentral  hole)  an  axial  compressive  loading  causes 
the  hole  wall  to  yield  in  compression,  and  on  unloading  residual  tensile  stresses  will 
be  produced.  Then,  the  self-stressed  specimen  may  be  submitted  to  appropriate  environ¬ 
ments,  either  in  this  condition,  or  after  affixing  lateral  plates  with  a  fastener  to 
represent  crevice  oorrosion  conditions.  After  pH  and  corrosion  potential  measurements 
of  electrochemical  conditions  existing  in  a  particular  oase  of  crevioe  oorrosion,  a 
systematic  study  of  the  surface  conditions  may  be  performed  on  coupons  by  controlling 
aeration,  pH  and  electrochemical  potential  to  simulate  the  pitting  conditions  existing  in 
a  crevice.  Secondly,  tests  of  the  two  preceding  sorts  should  be  cheaked  by  more  repre¬ 
sentative  tests  using  simplified  types  of  assembly  submitted  to  a  varying  environment  and 
simulating  service  variation  in  air  pressure  and  temperature. 

An  example  of  problems  that  arise  from  material  selection  was  tho  choice  that 
had  to  be  made  for  the  2024  aluminium  alloy  extrusions  between  the  T3  treatment  which 
favours  scaling  intergranular  corrosion  from  protection  defects  In  serviae,  and  the  T6 
treatment  which  favours  pitting  corrosion  and  necessitates  oareful  protection  during 
inter-operation  storages. 

Another  example  concerns  stringers  in  upper  skins  of  wing  box  beams.  High 
compressive  stresses  that  are  developed  by  flight  loads  make  buckling  strength  an 
important  factor.  Besides,  tensile  stresses  due  to  taxiing  loads  are  often  moderately 
high  and  any  fatigue  problem  occurs  only  in  very  flexible  wings.  In  general,  upper  skin 
stringers  are  made  from  7075-T651  aluminium  alloy  extrusions  that  have  high  yield  com¬ 
pressive  strength.  However,  sensitivities  to  pitting  corrosion  and  then  to  intergranular 
corrosion  and/or  stress  corrosion  may  lead  to  difficulties  if  rivet  and  bore  surfaces 
are  not  protected.  In  wing  box  regions  that  are  also  integral  fuel  tanks,  the  necessary 
tightness  was  often  obtained  using  wet- installing  of  bolts  and  rivets  by  aoating  them 
with  a  rubberlike  sealing  produat  or  with  zinc  chromate  paint  or  cement.  In  most  cases 
this  also  ensures  against  risks  of  pitting  corrosion  and  subsequent  damages. 

Tightness  may  also  be  secured  by  dry-installed  taper  bolts.  In  some  oases, 
thoir  service  behaviour  was  disillusioning  due  to  the  fact  that  residual  installing 
stresses  aggravated  by  eccentricity  defects  of  the  conical  bores  introduced  fatigue  risks 
under  taxiing  loads  in  particularly  flexible  wings,  the  same  defects  leaving  a  gap  too 
small  to  permit  fuel  leakage  but  into  whiah  water  vapour  enters,  aondenses  and  may  cause 
pitting  corrosion. 

Another  means  to  secure  tightness  in  automatic  riveting  operations  consists  of 
forming  rivet  heads  by  slow  crushing  of  cylindrical  rivet  wire  sections  into  bores  which 
are  shaped  to  conform  to  special  rivet  heads.  In  slow  forming,  rivet  shanks  fill  the 
bores  better  than  in  hammer  riveting;  residual  pressure  exists  between  rivet  shanks  and 
bores  and  secures  tightness,  at  least  during  early  phases  of  service  operations.  The 
necessity  to  avoid  any  defect  in  automatic  riveting  has  led  to  an  improvement  in  the 
automatic  grinding  of  drills,  thereby  improving  the  quality  of  bore  surfaces  and  probably 
delaying  pitting  corrosion. 

In  these  sort  of  problems,  it  is  quite  difficult  to  define  laboratory  tests  that 
are  able  to  assess  the  corrosion  implications  involved  in  the  selection  of  materials 
and  of  manufacturing  processes  that  are  initially  based  on  weight  saving  and  financial 
reasons.  Sinoe  crevice  corrosion  in  gaps  depends  on  the  surface  condition,  laboratory 
tests  should  be  performed  with  small  assembly  specimens  made  from  the  same  materials 
and  manufactured  by  the  same  means  as  planned  for  the  structure  under  consideration. 
Moreover,  sinae  fatigue  in  service,  even  under  compressive  loads,  is  able  to  produce 
fretting  damages  and  to  dearease  the  level  of  residual  riveting  stresses  and  so  to  increase 
clearances  between  rivets  and  bores,  pitting  corrosion  tests  should  be  carried  out  after 
a  fatigue  pretreatment  and  should  consist  of  repeated  immersions  under  load  into  an 
electrolyte  (for  example,  3.5%  NaCl  aqueous  solution)  and  of  lasting  periods  without 
loading.  Specimens  would  be  cut  through  rivets  at  various  test  durations  in  order  to 
examine  surface  pitting  corrosion  of  rivets  and  bores. 

In  assessing  whether  a  stress- corrosion  test  is  representative  of  the  actual 
structure  behaviour,  attention  must  be  paid  to  the  correct  realization  of  the  stress 
field,  first  in  initial  distribution  and  in  distribution  variation  while  the  crack 
propagates,  secondly  in  intensity  variation  simulating  variations  in  service  condition. 

Of  course,  materials  and  grain  flow  direction  must  be  as  in  the  actual  element. 

The  first  point  may  be  clarified  by  considering,  for  example,  residual  stresses 
around  s.i  interference-fitted  pin.  As  arack  propagation  diminishes  the  initial 


installing  pressure ,  the  stress  intensity  factor  at  the  craak  tip  first  increases,  then 
passes  through  a  maximum  level  and  finally  decreases,  possibly  resulting  in  a  non¬ 
propagating  crack.  Current  testa  are  effected  either  by  applying  a  steady  load  or  by 
imposing  an  initial  defleotion,  whereas  in  many  actual  circumstances  crack  propagations 
modify  the  initial  load  or  deflection  conditions.  Care  should  be  taken  to  load  the 
development  specimen  similarly  to  the  actual  part. 

The  second  point  may  be  illustrated  by  the  general  case  of  attachment  lugs  assembled 
by  oonical  expansion  bolts  or  containing  interference-fitted  bushings.  For  example,  the 
lug  of  a  RR-58  aluminum  alloy  clevis  used  as  a  wing  attachment  fitting  on  a  passenger 
aircraft  exhibited  intergranular  corrosion  cracks  which  were  attributed  to  residual 
tensile  stresses  produced  by  the  tightening  torque  of  a  oonical  expansion  pin.  laboratory 
measurements  indicated  a  residual  tensile  stress  of  3,600  to  5,800  Tb/in2,  depending 
on  the  tightening  torque  of  the  nut.  At  the  same  location,  the  te..slle  stress  resulting 
from  the  horizontal-flight  equilibrium  loads  was  about  15,000  to  20,000  lb/in2.  Now, 
while  the  residual  stresses  had  been  applied  for  eight  years,  i.e.,  for  70,000  hours, 
the  additional  stresses  in  flight  had  been  applied  each  year  for  10  hours  per  day  during 
300  days,  i.e.,  for  24,000  hours. 

During  stress-corrosion,  overload  effects  may  be  imagined  as  follows t 

1.  First,  the  overload  causes  the  crack  to  propagate  in  the  material  damaged  by 
intergranular  corrosion  until  the  crack  front  is  straightened  and  an  equilibrium  depth 
is  reached  in  the  sound  ductile  material. 

2.  The  ductile  material  then  elongates  and,  after  unloading,  some  compressive 
residual  stresses  remain  and  exert  a  retardation  effect  on  the  propagation  of  the  stress 
corrosion  crack  under  a  lower  load. 

3.  Finally,  static  failure  ocours  under  the  highest  load  at  a  crack  depth  smaller 
than  that  observed  under  the  low  steady  load. 

4.  If  the  highest  load  is  applied  long  enough  at  each  loading,  it  may  cause  damage 
through  stress  corrosion  by  itself)  if  the  time  of  application  is  too  short,  the  improving 
effect  of  the  load  may  increase  the  time  to  failure  despite  the  smaller  crack  depth  at 
final  fracture. 

On  this  point,  the  situation  will  remain  uncertain,  just  as  it  was  until  recently 
with  regard  to  fatigue,  as  long  as  no  systematic  study  is  made  of  the  effect  of  high 
loads  in  the  loading  programmes  used  for  stress  corrosion  tests.  Need  for  this  has  been 
pointed  out  by  several  authors  and  recently  emphasized  by  ANDERSON33. 

Besides,  for  investigations  on  actual  parts,  different  types  of  specimens  may 
be  used  in  different  critical  locations,  with  the  best  specimen  shape  chosen  with  regard 
to  local  condition.*  For  example,  in  an  investigation  by  LEHMANN34  on  the  comparative 
stress  corrosion  behaviour  of  die  forgings  made  from  7079-T6  and  AZ-74.61  (German  Al-Zn- 
Mg-Ag  alloy)  aluminium  alloys,  specimens  were  taken  at  the  following  locations: 

-  C-ring  specimens  around  a  jack  point-hole, 

-  tension  smooth  specimens  in  a  fitting  area,  and 

-  double  oantilever  beam  (DCB)  specimens  in  the  parting  line  area. 

Comparative  tests  using  different  types  of  specimens  may  result  in  different  quality 
classification  as  was  the  case  for  corrosion  tests  of  aluminium  alloys  in  seawater  by 
DANEK35. 


REFERENCES 

1.  VIALATTE ,  M. )  Centre  d'Essais  des  Propulseurs  de  Saclay  (France),  Laboratoire  de 

Metallurgie,  Report  No.  4129-L-69,  1969. 

2.  wESSEL,  E.  T. :  The  influence  of  pre-existing  sharp  cracks  on  brittle  fracture  of  a 

Niokel-MolyEHenum-Vanadium  forging  steel,  Trans.  AS»M,  Vol.  52,  P.  27^.  l$6ti. 

3.  MAYNOR,  H.  W.  Jr.,  MUELLER,  R.  E. :  The  effect  of  thickness  and  tempering  temperature 

on  fracture  appearance  transition  temperature  and  critical  toughness  of  nigh- 
strength  steel/  sheet  -  Fart  X.  Final  Technical  Report  "Ho.  2,  May  30,  l9(53. 
Auburn  University,  AD  4117&1,  see  beginning  of  the  study  in  Proc.  ASTM,  1962. 

4.  VISHNEVSKY,  C. ,  steigerwald ,  B,  A. <  Influence  of  alloying  elements  on  the  low- 

temperature  toughness  of  martensitic  high-strengin  steels,  (Trans.  ASM,  Vol.  62, 
No.  1,  p.  So 5,  June  1969. 

5.  MacGREGOR ,  C.  W. ,  GROSSMAN,  N, :  Some  new  aspects  of  the  fatigue  of  metals  brought 

out  by  brittle  transition  temperature  tests,  The  welding  Journal,  March  1948, 
pp.  133-8  to  144-S. 

6.  ISSSELLS,  J.  M.,  JACQUES,  H.  E. «  Effect  of  fatigue  on  transition  temperature  of 


steely  The  Welding  Journal,  Feb.  1950,  pp.  74~s  to  83-s. 

7.  BARROIS,  W. :  Manual  on  Fatigue  of  Structures  -  Fundamental  and  Physical  Aspects, 

AGARD-MAN- 8-70,  See  Sections  2.5.3  and  5.3.4.,  1970. 

8.  SALKIN,  R.V.:  How  low  cycle  fatigue  embrittles  pressure  vessel  steels.  C.N.R.M. , 

No.  8,  Sept.,  1968.  ~  — . 

9.  HOLDEN,  J. s  The  hardening  and  embrittlement  of  mild  steel  by  cyclic  stressing  at 

the  fatigue  limit,  Acta  Metallurqlea,  Vol.  7,  June  1959. 

10.  WEISZ,  M. ,  ERARD,  M. s  Contribution  a  1' etude  de  la  fragilisation  par  ddformations 

alterndes  d'un  acier  pour  caisson  de  rdacteur,  Revue  de  Mdtallurgie,  Mdmoires 
scientlf iques ,  LXIII,  No.  2,  p.  180,  1966^ 

11.  MYLONAS,  C.,  ROCKEY,  K.  C. :  Exhaustion  of  ductility  by  hot  straining  -  An  explanation 

of  fracture  initiation  close  to  welds.  Welding  Journal,  July  1961,  Research 
supplement,  p.  306-s. 

12.  MYLONAS,  C. i  Static  brittle  fracture  initiation  without  residual  stresses.  Welding 

Journal,  Nov.,  1961,  Research  supplement,  p.  516-s. 

13.  BROEK,  D.,  NEDERVEEN,  A, s  The  influence  of  the  loading  rate  on  the  residual  strength 

of  aluminium  alloy  sheet  specimens.  Report  NLR-TR  M.2154,  National  Aerospace 
Laboratory  NLR,  Amsterdam,  Oct.  1965. 

14.  FORD,  G. ,  RADON,  J.  C. ,  TURNER,  C.  E. s  Fracture  toughness  of  a  medium  strength 

steel.  Imperial  College  of  Science  and  Technology,  Department  of  Mechanical 
Engineering,  London,  1967,  Private  communication;  see  also:  RADON,  J.  C. , 

Turner,  c.  E. :  Note  on  the  relevance  of  linear  fracture  mechanics  to  mild 
steel ,  J.  Iron  and  Steel  Institute,  Vol.  264,  p.  842,  Aug.  l96(J. 

15.  SRAWLEY ,  J.  E. ,  BEACHEM,  C.  D. :  Crack  propagation  tests  of  high-strength  sheu. 

steels  using  small  specimens,  NHL  Report  5127,  April  9,  1958. 

16.  SRAWLEY,  j.  E. ,  BEACHEM,  C.  D. :  Effect  of  rate  of  loading  on  high-strength  sheet 

tensile  and  crack  propagation  tests,  NRL,  Code  6322,  June  16,  1939 . 

17.  MARSCHALL,  C.  W. :  The  factors  influencing  the  fracture  characteristics  of  high- 

strength  steels,  DMIC  Report  147.  Battelle  Memorial  Institute,  Columbus,  Ohio, 

Feb.  6,  l$6l. 

18.  OWEN,  W.  S.,  WHITMORE,  D.  H.,  COHEN,  Morris  and  AVERBACH,  B.  L. :  Relation  of 

Charpy  impact:  properties  to  microstructure  of  three  ship  steels.  The  Welding 
Journal,  36,  No.  11,  p.  5<)3-a,  Nov.  19571  K 

19.  HARTBOWER,  C.  E. ,  ORNER,  G.  M. :  Metallurgical  variables  affecting  fracture  tough¬ 

ness  in  high-strength  sheet  alloys,  Report  ASd-TDR-62-868 ,  Wright-Patterson 
Air  Force  Base,  Ohio,  June  1963. 

20.  REES,  W.  P.,  HOPKINS,  B.  E.,  TIPLER,  H.  R. :  Tensile  and  impact  properties  of  iron 

and  some  iron  alloys  of  high  purity,  J.  Iron  and  Steel  Inst. ,  Vol.  169,  p.  157, 

1951. 

21.  REES,  w.  P.,  HOPKINS,  B.  E . :  Intergranular  brittleness  in  iron-oxygen  alloys, 

J.  Iron  and  Steel  Inst.,  Vol.  172,  p.  403,  1952. 

22.  ALLEN,  N.  P.,  REES,  W.  P. ,  HOPKINS,  B.  E. ,  TIPLER,  H.  R. :  Tensile  and  impact  proper¬ 

ties  of  high-purity  iron-carbon  and  iron-carbon-manganese  alloys  of  low~  carbon 
content,  J.  Iron  and  Steel  Inst.,  Vol.  1970,  p.  lOB,  1953. 

23.  REES,  W.  P.,  HOPKINS,  B.  E.,  TIPLER,  H.  R. :  Tensile  and  impact  properties  of  Fe-Sl, 

Fe-Ni,  Fe-Cr,  and  Fe-Mo  allovs  of  hich-puritv,  J.  Iron  and  Steel  Inst.,  Vol. 

24.  HINDERS,  U.  A.:  F-lll  Design  experience  -  Use  of  high-strength  steel,  AIAA  Paper 

No.  70-884,  AIAA  2nd  Aircraft  Design  and  Operation  Meeting,  Los  Angeles,  Cal, 

July  20-22,  1970. 

25.  HALL,  L.  P.. ,  FINGER,  R.  w. :  Fracture  and  fatigue  growth  of  partially  embedded  flaws, 

AFFDL  TR  70-144  Proa.  Air  Force  Conference  on  Fatigue  and  Fracture  of  Aircraft 
Structures  and  Materials,  Miami  Beach,  1969. 

26.  Anonymous:  Review  of  current  data  on  the  tensile  properties  of  metals  at  very  low 

temperatures.  DMIC  Report  148,  Battelle  Memorial  Institute.  Columbus.  Ohio. 

Feb.  14,  1961. 

27.  KIRKBY,  W.  T.,  EYNON,  G.  R. :  The  residual  static  strength  of  a  bolted  joint  cracked 

in  fatigue,  Royal  Aircraft  Establishment,  TR-66-llI,  Structures  Department, 
Farnborough ,  April  1966. 

28.  BRUMMER,  S.  B.  et  al. :  Study  of  the  general  mechanism  of  stress  corrosion  of 


345 


ft 


aluminium  alloys  and  development  of  techniques  for  its  detection,  TYCO 
Laboratories,  Feb.  1969,  quoted  by  NASA  under  No.  N69-14011. 

29.  DAVIS,  J.  A.:  pH  and  potential  measurements  during  stress  corrosion  of  aluminum 

alloys ,  Bell  Aerospace  Company,  Textron  Division,  Buffalo,  N.Y.,  USA;  pre¬ 
sented  at  AGARD  S.  M.  Panel  Meeting,  Brussels,  Oct.  1971. 

30.  BORCHERS,  H. ,  TENCKHOFP ,  E.s  uber  den  Einfluss  des  Oberflachenbeschaf fenheit  auf 

das  Spannungsrisskorrosion-Verhalten  von  AIZnMg-Gussliegerungen,  Z.  Metallkunde , 
Vol.  59,  No.  1,  Jan  1968. 

31.  HENTHORNE,  M. s  Stress  corrosion  cracking  of  martensitic  precipitation  hardening 

stainless  steel.  Carpenter  Technology  Corporation,  Rending,  Penn.,  USA; 
presented  at  tKe  AGARD  S.  M.  Panel  Meeting,  Brussels,  Belgium,  Oct.  1971. 

32.  COCKS,  P.  H.:  Measuring  the  degree  of  conjoint  action  between  stress  and  corrosion 

in  stress  corrosion,  TYCO  Laboratories,  Waltham,  Mass.,  USAs  presented  at  the 
AGARD  S.  M.  Panel,  Brussels,  Oct.  1971. 

33.  ANDERSON,  W.  E. s  Engineering  utility  and  significance  of  stress  corrosion  cracking 

data ,  Battelle  Pacific  Northwest  Laboratories,  Richland,  Wash. ,  USA,  Report 
BtWL-SA-4073;  presented  at  AGARD  S.  M.  Panel  Meeting,  Brussels,  Oct.  1971. 

34.  LEHMANN,  W. :  Results  of  comparative  stress  corrosion  tests  on  Al-Zn-Mg-Cu  alloys 

using  different  types  of  specimens.  I.A.B.G.,  Ottobrunnj  presented  at  AGARD 
S.  M.  Panel  Meeting,  Brussels,  Oct.  1971. 

35.  DANEK,  G.  J. :  Influence  of  test  method  on  stress-corrosion  behavior  of  aluminum 

alloys  in  seawater,  AGARD  S.  M.  Panel  Meeting,  Brussels,  Oct.  17717 
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V-E  A  SHORT  SURVEY  ON  POSSIBILITIES  OF  FATIGUE  LIFE  ASSESSMENT  OF 
AIRCRAFT  STRUCTURES  BASED  ON  RANDOM  OR  PROGRAMMED  FATIGUE  TESTS* 


W.  Barrois 


SUMMARY 

The  survey  is  an  attempt  to  answer  the  question:  "What  information  is  needed  in 
terms  of  load  spectrum  and  test  conti tions,  to  extend  the  results  of  laboratory  tests  to 
the  prediction  of  service  fatigue  life  of  aircraft  structures?"  After  considering  de¬ 
signers'  needs  and  detailing  the  various  physical  parameters  that  are  significant  in 
the  fatigue  behaviour  of  specimens  and  structures ,  several  types  of  fatigue  tests  are 
reviewed  from  the  viewpoint  of  their  representativeness.  A  short  survey  is  then  made 
of  the  present  prediction  methods  of  structure  fatigue  life  from  fatigue  tests  of  com¬ 
ponents,  assemblies  and  structures  undergoing  constant  amplitude  loadings.  Then,  after 
considering  fatigue  tests  under  programmed  loadings,  the  case  of  random  loadings  is 
briefly  discussed.  It  is  concluded  that  describing  random  loadings  by  their  root  mean 
squares  is  not  sufficient  to  predict  the  fatigue  lives  of  structures  even  when  the  shape 
of  the  load  power  spectrum  is  known,  except  in  cases  of  comparative  prediction  where 
the  only  change  is  the  general  intensity  of  the  spectrum.  The  possibility  of  test 
acceleration  by  increasing  the  general  loading  intensity  is  considered.  The  necessity 
of  a  more  complete  treatment  of  every  partial  result  of  structural  fatigue  tests  is 
emphasized  as  well  as  the  usefulness  of  broad  co-operation  in  this  field  in  order  to 
extend  the  amount  of  fatigue  data  able  to  be  usedly  designers. 


V-E.  1  INTRODUCTION 

For  several  years,  problems  in  acoustic  fatigue  and  those  implied  by  aircraft 
dynamic  responses  to  random  loadings  defined  by  power  spectra,  have  drawn  attention 
of  designers  to  possibilities  of  fatigue  life  assessment  from  results  of  fatigue  tests 
under  programmed  or  random  loadings  that  simulate  actual  random  loadings  in  flight. 

In  these  tests,  the  stress  spectrum  shapes  in  relation  to  statistical  frequencies  of 
occurrence  and  dynamical  frequencies  may  be  quite  different  either  due  to  different 
excitations  or  to  very  different  structural  responses.  Intensity  of  every  loading  is 
defined  either  by  the  maximum  load  or  by  the  quadratic  mean  load. 

Often,  these  tests  are  carried  out  only  for  purposes  of  fatigue  strength  substan¬ 
tiation  of  particular  structures.  Their  possible  use  in  fatigue  life  prediction  of 
other  structures  may  entail  extensive  tests  on  simple  components  or  elementary  assemblies. 
Before  planning  costly  tests,  it  may  be  useful  to  study  how  such  results  might  be  used 
by  designers. 

That  leads  to  the  necessity  to  define  designer's  requirements  and  to  review 
briefly  fatigue  prediction  methods  using  results  of  conventional  tests  under  constant 
amplitude  loadings,  and  then  to  consider  two  oases  of  random  fatigue  tests,  either  in 
fatigue  at  low  frequencies  or  with  frequencies  within  the  acoustic  range. 

V-E.  2  NEEDS  OF  THE  DESIGNER 

In  a  previous  survey*,  we  have  attempted  to  show  that  for  technical  reasons  and 
due  to  fundamental  and  physical  causes,  it  is  difficult  to  assess  fatigue  life  of  an 
aircraft  structure  sufficiently  soourately  through  elasticity  analysis  and  allowable 
strass  design  values  related  to  the  particular  material.  Useful  analyses  consist  only 
of  comparative  or  interpolative  computations  based  on  fatigue  test  results  of  structures, 
assemblies  or  components,  However,  even  within  this  restricted  field,  the  computation 
sise  is  often  a  heavy  burden  in  practice.  Various  analytical  methods  of  increasing 
complexity  have  been  proposed.  In  order  to  assess  their  prscticai  usefulness,  two 
kinds  of  distinction  have  to  be  .  sdet 

(i)  Firstly,  certain  methods  quickly  yield  a  rough  classification  of  assemblies i 
they  may  supply  s  provisional  assessment  at  the  preliminary  assign  stage, 
at  the  expense  of  costly  previous  analyses  on  a  large  number  of  fatigue  test 
results  on  actual  and  similar  structures,  or  assemblies  made  from  the  same 
material  through  the  same  manufacturing  processes.  On  the  contrary,  other 
more  analytical  methods  imply  computations  that  are  tailored  for  each  particular 
case  but  oan  be  used  only  when  detailed  drawings  are  available. 

(ii)  Secondly,  the  selected  method  and  its  degree  of  accuracy  must  correspond  to 
the  particular  needs  of  the  designer. 
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At  the  preliminary  design  stage,  assembly  modes  and  manufacturing  processes  that 
entail  the  minimum  of  fatigue  problems  and  a  design  with  geometries  that  make  possible 
further  local  reinforcements  the  incorporation  of  which  do  not  imply  extended  design 
changes,  would  be  selected.  In  addition,  the  structure  must  be  "fail-safe"  against 
fatigue  or  other  causes  of  damage.  The  fail-safe  requirement  may  lead  to  vital  attach¬ 
ment  being  oversize  locally,  such  that  the  fatigue  problem  disappears. 

At  the  prototype  design  stage,  a  first  comparative  analysis  should  supply  a  rough 
classification  of  the  various  assembly  areas  of  the  structure  according  to  the  following 
degrees  of  decreasing  fatigue  strer  7th: 

-  certainly  sufficient, 

-  doubtful, 

-  certainly  insufficient. 

Areas  of  "certainly  insufficient"  strength  should  precipitate  immediate  design  changes. 
"Doubtful"  areas  should  be  assessed  again  by  means  of  another  more  accurate  computation 
based  on  previous  fatigue  tests.  In  case  of  a  doubt  persisting,  development  tests  on 
representative  assemblies  or  partial  structures  should  be  carried  out  under  the  estimated 
particular  loading  programme  of  the  aircraft. 

At  the  production  design  stage,  an  interpretative  third  analysis  on  development 
test  results  might  take  account  of  changes  in  aircraft  loading,  weights  and  performances, 
design  and  sizing,  since  the  prototype  stage.  Moreover,  some  areas  previously  classi¬ 
fied  as  sufficiently  strong  may  become  doubtful,  and  other  development  tests  should  be 
carried  out  and  analyzed  by  means  of  a  previously  demonstrated  computation  method. 

Finally,  after  the  full-scale  fatigue  tests,  interpretative  computations  are 
necessary  in  order  to  substantiate  the  fatigue  evaluation  of  operational  aircraft,  taking 
into  account  the  latest  design  changes  and  inflight  load  measurements  performed  in  actual 
operations  on  the  first  operational  airplanes. 

Designers'  needs  may  be  summarized  as  follows: 

Interpretative  computations  that  enable  re-assessment  to  be  made  of  the  fatigue 
life  of  a  structure  for  a  new  loading  programme  significantly  different  from  the  testing 
programme . 

"A  priori"  subjective  classification  of  fatigue  strength  of  structural  assembly 
areas  with  respect  to  the  fatigue  strength  "of  structures  previously  known  to  be  suffi¬ 
cient  or  insufficient.  This  implies  computations  that  define  the  fatigue  quality  of 
each  structure  tested  and  the  quality  needed  to  withstand  the  particular  loading 
programme  that  corresponds  to  the  aircraft  studied  and  to  its  foreseen  operational  use. 

Prediction  analysis  should  take  into  account  detail  shapes  and  sizing.  Computa¬ 
tions  of  local  stresses  near  stress  raisers  and  assessment  of  the  allowable  intensity 
value  of  the  load  spectrum  are  needed.  Empirical  coefficients  to  use  in  computations 
would  be  obtained  by  the  same  computation  methods  from  test  results  of  simple  assemblies 
representative  of  stress  raisers  and  of  current  design  of  joints. 

V-E  3  REPRESENTATIVENESS  OF  FATIGUE  TESTS 

In  order  to  study  the  possibilities  of  assessing  life  in  service  from  test  results, 
it  is  first  fitting  to  examine  the  representativeness  of  the  tests.  Obviously,  the 
service  behaviour  can  be  considered  to  be  the  most  representative  test. 

(a)  Indoor  full-scale  fatigue  tests  carried  out  by  the  Swiss  "Fabrique  Federale 
d'Avions"  at  Emmen2  are  fairly  close  to  service  operation  in  that  the  loads 
applied  to  wing,  tail  surfaces,  fuselage  and  landing  gears  are  controlled  T>y 
continuous'  recording  which  was  performed  during  'service  operations  for  a  time 
Tong  enough  for  the  statistical  sampling  to  be  considered  as  stationary. 
However,  the  environment  is  not  so  representative  from  the  corrosion  point 

of  view.  This  type  of  test  can  begin  only  after  some  time  of  sarvioe  opera¬ 
tions,  hence  its  purpose  is  only  a  final  verification  yielding  results  after 
a  long  time  of  service  operation  hae  elapsed. 

(b)  Conventional  fuil-acale  fatigue  teats  carried  out  indoors  or,  better  still, 
in  ih e  open,  are  often  performed  bn  a  flight~by~f light  basis  with  loading 
programmes  deduaed  from  general  statistical  data  confirmed  by  sampling  measure¬ 
ments  carried  out  on  the  prototype  aircraft  or  the  first  production  aircraft. 
The  loading  programme  may  be  simplified  to  consist  of  a  reduced  number  of  load 
levels  by  means  of  "equivalent*  damage  calculation  based  on  fatigue  teat 
results  of  "fairly*  representative  specimens.  It  may  also  be  randomized 

in  replacing  the  continuous  curve  of  the  cumulative  frequencies  of  occurrence 
by  a  stepped  diagram  resulting  in  a  discrete  number  of  level  classes  of  flight 
and  ground  loads,  the  application  sequence  of  which  is  randomised.  In  some 
cases  the  fuselage  is  immersed  into  a  water  tank  and  filled  with  water. 

Other  tests  are  carried  out  with  air  pressurization,  the  fuselage  being  filled 
with  rigid  plastic  foam.  Outdoor  teats  are  recommended  as  being  more  repre¬ 
sentative  from  the  corrosion  point  of  view. 
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(c)  Full-scale  fatigue  tests  of  incomplete  structures  are  carried  out  in  the 
laboratory,  either  under  a  simplified  loading  programme  from  service  measure¬ 
ments,  or  more  frequently  under  constant  amplitude  loadings  when  it  is 
possible  to  compare  several  versions  of  design,  materials  or  manufacturing 
processes. 

(d)  Systematic  fatigue  tests  of  assembly  elements  such  as  sheet  joints  by  means 
of  one  or  several  rivet  lines,  lug  loaded  by  a  pin,  etc.,  are  generally  per¬ 
formed  under  constant  amplitude  loads  for  several  intensities  in  order  to 
plot  a  mean  S-N  curve  and  to  appraise  the  scatter. 

(e)  Systematic  fatigue  tests  of  notched  specimens  under  constant  amplitude  loads 
of  several  intensities  and  with  several  values  of  the  alternating-to-staady 
component  ratio  and  several  geometrical  notch  factors  give  results  which  are 
often  used  as  middle  term  of  comparison  to  assess  the  fatigue  behaviour  of 
structures  under  loading  programmes  differing  from  those  under  which  they 
were  tested. 

(f)  Research  fatigue  tests  of  elementary  assembly  specimens  or  notched  specimens 
appraise  the  influence  of  different  loading  programme  types  assumed  to  be 
equivalent  in  damage  when  based  on  the  Miner-Pa lmgren  rule. 

In  orde  to  determine  what  the  representativeness  of  these  types  of  tests  may  be, 
i.e. ,  how  realistic  they  are,  and  what  degree  of  confidence  to  ascribe  to  them,  it  must 
be  noted  which  are  the  parameters  of  significance  in  the  fatigue  behaviour  and  how  these 
parameters  are  representad  in  every  fatigue  test  type. 

Broadly  considering  the  initiation  phase  of  fatigue  cracking,  the  governing  param¬ 
eters  are  as  follows: 

(i)  The  alternating  component  of  the  surface  stress  which  gives  rise  to  alternat¬ 
ing  plastic  shear  strains  which  modify  the  cold-worked  condition  of  the 
surface  material  and  which  create  clusters  of  vacancies  and  pileups  of 
dislocations,  as  well  as  surface  crevices,  from  which  microcracks  originate. 

(ii)  The  maximum  value  of  the  tensile  surface  stress  which  plays  an  important 
part  in  the  growth  of  micro-  and  macro-cracks. 

(iii)  The  stress  gradient  in  the  direction  perpendicular  to  the  surface  which  governs 
the  material  depth  within  which  plastic  distortions  are  significant. 

(iv)  Intensity,  gradient  and  stability  of  surface  residual  stresses  which,  when  they 
are  tensile,  decrease  the  duration  of  the  fatigue  crack  initiation  phase, 
whereas  they  hava  a  delaying  effect  when  they  are  compressive. 

(v)  The  geometrical  roughness  of  the  surface,  and  the  metallurgical  condition 
of  the  surface  material. 

(vi)  The  beneficial  effect  of  a  small  enough  number  of  high  loads  that  create 

favourable  residual  stresses  at  notch  roots  but  do  not  yet  create  miorocracks 
when  applied. 

(vii)  The  corrosion  sensitivity  of  the  material  and,  in  assemblies,  the  fretting 

behaviour  which  can  create  surface  damage  that  may  seriously  shorten  the  crack 
initiation  phase. 

The  fatigue  crack  progation  phase  depends  on  the  stress  distribution  in  the  craok 
area  and  on  the  changes  in  this  distribution  due  to  the  crack  propagation.  It  also 
depends  on  loading  sequences  through  the  beneficial  effect  of  rarely  occurring  overloads. 

A  corrosive  environment  may  also  substantially  increase  the  crack  propagation  rate. 

Crack  propagation  may  be  impeded  when  the  load  is  transferred  from  the  cracked  area 
into  another  assemblied  part  (fail-safe).  It  may  nevertheless  give  rise  to  a  static 
fracture.  In  the  case  when  the  propagation  of  a  fatigue  crack  ceases,  further  crack 
propagation  may  take  place  due  to  stress  corrosion  or  intergranular  corrosion. 

Final  static  fracture  occurs  with  a  smaller  and  less  easily  detectable  crack 
the  more  brittle  the  material  and  the  thicker  the  part.  It  is  worth  noting  that  the 
material  is  often  more  brittle  in  the  short  transverse  direction. 

Preceding  features  imply  that  to  be  representative  of  service  behaviour,  every 
full-scale  fatigue  test  should  be  carried  out  with  a  structure  made  from  the  same 
materials,  having  undergone  the  same  treatments,  manufacturing  and  protection  processes, 
and  the  same  inspection  and  maintenance  procedures  as  the  operational  structure.  This 
kind  of  test  is  aostly  and  takes  too  long  to  complete.  Its  application  is  therefore 
restricted  to  final  fatigue  strength  substantiations  carried  out  in  accordance  with 
the  tests  of  types  (b)  and  (a)  previously  reviewed. 

However,  due  to  discrepancies  between  the  test  loading  programme  and  load  statis¬ 
tics  from  measurements  performed  during  actual  service  operations,  or  subsequently  to 
change  in  operational  conditions  such  as  freight  weight,  aircraft  speed,  etc.,  or  again 
after  an  important  development  of  the  aircraft  without  general  modification  of  the 
primary  structures,  a  reassessment  of  the  fatigue  behaviour  may  be  necessary  without 
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the  possibility  of  carrying  out  a  full-scale  fatigue  :e « t .  This  raiaea  a  problem  of 
selection  between  partial  fatigue  testa  of  weak  areaa  and  of  ayatematic  teats  the 
reaulta  of  which  will  be  used  in  comparative  calculations. 

All  computation  methods  are  based  on  teats  that  are  performed  under  conditions 
more  or  lesa  represen' stive  of  actual  service  environments.  Corrosion  had  no  influence 
in  the  very  rare  labor. .tory  testa  performed  in  a  vacuum  or  in  a  neutral  atmosphere, 
e.g .,  in  dry  argon.  In  normal  i  idcor  testa,  the  corrosion  effect  is  generally  fairly 
small,  excapt  during  th->  crack  propagation  phase  in  materials  susceptible  to  stress- 
corrosion.  In  full-scale  fatigue  tests  performed  in  the  open  and  in  those  carried  out 
in  water-tanks,  the  test  duration  of  mors  than  one  year  achieves  a  sufficiently  severe 
simulation  of  the  oori jelon  environment.  Corrosion  often  has  a  significant  but  moderate 
influence  on  the  test  duration,  measured  in  real  time,  and  on  the  fatigue  life  which  is 
measured  in  number  of  cycles,  flight  hours  or  number  of  flights. 

Another  time  effect  is  due  to  dynami'-  resonance  of  the  structure  that  modifies 
the  stress  intensities  and  distributions.  A  distinction  should  be  made  Detween  random 
loads  at  low  frequencies  which  excite  vibration  modes  of  the  whole  structure,  and  high 
frequency  random  loads  which  excite  only  local  vibration  modes  of  small  structure  areus. 

In  discussing  prediction  methods,  the  following  cases  of  random  loading  are  to 
be  considered: 

-  Very  low  dynamic  frequencies  for  which  the  structure  behaves  quasi-statical ly . 
The  loading  spectrum  mainly  depends  on  the  airciaft  mission. 

-  Frequencies  within  the  range  of  fundamental  vibrations  modes  of  the  whole 
aircraft  which  excite  structural  vibration  modes,  but  For  whicTi  corrective 
computations  can  bring  the  problem  back  to  the  case  of  quasi-utatic  loading, 
leading  spectra  depend  on  aircraft  missions  and  dynamical  properties  on  the 
whole  structure.  Slow  fatigue  test  results  can  be  used  in  the  assessment  of 
fatigue  life,  and  the  number  of  flights  is  the  more  logical  fatigue  life  unit. 

-  Acoustic  frequencies  excite  locally  small  structural  elements.  Stress  spectra 
depend  on  excitations  and  local  dynamical  properties  of  the  structure.  They 
are  different  from  those  applied  to  the  whole  structure.  Numbers  of  cycles 

to  consider  are  generally  very  large  compared  with  those  of  loadings  that 
concern  the  whole  structure. 

V-E  4  PREDICTION  AND  ANALYSIS  METHODS  FOR  CONSTANT  AMPLITUDE  LOADINGS 

Computation  methods  which  use  fatigue  test  results  of  notched  specimens  disregard 
possible  damage  by  fretting  due  to  relative  micro-displacements  at  the  contact  surfaces 
of  assembled  materials. 

Computation  methods  based  on  tests  of  assemblies  are  also  questionable  due  to 
the  fact  that  materials,  although  nominally  defined,  may  differ  from  those  used  in  the 
structure.  For  example,  differences  may  be  associatod  with  heat  treatment,  grain  texture, 
surface  condi tier,  and  corrosion  protection. 

Computations  should,  therefore,  introduce  empirical  coefficients  resulting  from 
laboratory  tests  on  representative  assemblies,  which  should  then  be  modified  after 
outdoor  full-scale  fatigue  tests  and  possibly  reviewed  ii  the  light  of  service  behaviour. 

The  earlier  method  of  fatigue  life  assessment  of  a  notched  component  was  based, 
for  comparison,  on  the  higher  surface  fatigue  stress  in  the  nocch,  so  that  the  favouraole 
effect  of  the  stress  gradient  in  depth  was  disregarded.  This  reti.od  is  very  conserva¬ 
tive  if  the  data  use^  are  from  axial  fatigue  tests  on  smooth  specimens;  it  is  simple  and 
may  be  used  to  check  whether  or  not  the  fatigue  strength  can  definitely  be  considered 
sufficient.  However,  fatigue  strength  may  be  overestimated  when  using  rotating  bending 
results  of  small-diameter  smooth  specimens.  Thismethod  fails  in  the  case  of  fretting 
or  of  superimposition  of  undefined  stress  raisers. 

An  improvement  of  this  method  was  made  by  taking  stress  gradients  into  account 
and  by  using  fatigue  test  results  of  a  se*-  of  notched  specimens  with  several  notch  factor 
values.  This  permitted  curves  to  be  drawn  showing  fatigue  life  as  a  function  of  alter¬ 
nating  and  steady  components  of  the  higher  surface  stress  for  several  values  of  the 
relative  stress  gradient,  (l/g)3a/3n,  in  the  direction  perpendicular  to  the  surface*  . 

In  1959,  Hayes3  proposed  to  use  fatigue  t«Bt  results  o’  notched  specimens  with 
several  values  of  the  notch  factor  in  order  to  define  by  interpolation  an  “equivalent 

notch  factor*  from  one  fatigue  test  of  the  studied  component.  Then,  the  interpolation - 

cf  curves  from  test  rosults  on  notched  specimens  using  this  equivalent  notch  factor 
enables  an  assessment  to  be  made  of  the  component  fatigue  behaviour  under  any  loading 
programme. 

In  1442.  an  imnr/wnmant  hy  run* f  f  *  waa  baaart  on  tWa  a  Uf  1  -m 

that  of  smooth  specimens.  This  correlation  was  found  to  be  independent  of  the  alter¬ 
nating-  to-  steady  stress  ratio  and  to  encompass  a  large  range  of  number  of  cycles,  but 
was  not  valid  for  round  specimens.  The  correlation  varies  with  each  notch  factor,  K^, 


but  the  fatigue  notch  factor,  K_,  varies  with  X_  and  the  notch  radius,  r,  according  to 
an  empirical  relation. 

-  «<r). 

from  this,  Deneff  derived  an  interpolation  method  to  obtain  the  diagrams, 
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corresponding  to  fixed  values  of  K_  and  r.  He  applied  its  method  to  fatigue  strength 
computation  on  sheet  assemblies  where,  for  the  stresses  at  edges  of  holes,  a  distinction 
was  made  between  stresses  resulting  from  the  local  load  transferred  by  each  fastener 
and  those  by-passing  the  fasteners. 

To  compute  local  stresses  in  a  multi-riveted  statically-redundant  assembly,  each 
assembly  sheet  was  idealized  by  a  system  of  rectangular  meshes  according  to  network 
lines,  the  nodes  of  which  were  at  hole  centres.  These  network  lines  were  assumed  to  be 
axially  loadea  bars  transferring  shear  loads  to  rectangular  sheet  elements.  Deforma¬ 
tions  due  tc  bearing  stresses  in  holes  and  to  rivet  bending  were  disregarded.  Computa¬ 
tion,  restricted  to  the  elastic  range,  yielded  nominal  stresses  applied  near  each  hole 
and  local  loads  transferred  by  each  rivet.  Allowable  values  of  these  loads  and  stresses 
were  drawn  from  fatigue  tests  on  elementary  elements. 

In  1969,  a  first  attempt  was  made  by  Jar fall5  to  take  account  of  the  bending  of 
rivets  and  hole  bearing  deformations  which  vary  with  sheet  thickness,  fastener  diameter, 
and  with  the  material.  He  used  elasticity  methods  of  assembly  analysis  pre/iously  inves¬ 
tigated  from  1944  to  ’.947  by  Vogt8,  Manford  et  al.7,  and  Rosenfeld  .  In  this  field  it 
is  worth  noting  a  recent  paper  by  Harris  et  al.’  that  recognizes  the  possibilities 
afforded  by  modern  digital  computers. 

In  order  to  take  into  consideration  the  plastic  behaviour  under  fatigue  stressing, 
i.e.,  changes  in  stress-strain  cycles,  creation  or  relaxation  of  residual  stresses, 
surface  condition  in  holes,  axial  tightening  and  diametral  interference  or  clearance 
of  fasteners,  Jarfall  introduced  two  empirical  coefficients  to  be  determined  in  partial 
fatigue  tests.  Using  those  coef f icients ,he  called  the  “Stress  Severity  Factor  -  SSF" 
the  ratio  of  the  higher  local  stress  at  a  hole  edge  to  a  reference  stress  chosen  to  be 
the  nominal  stress  near  the  hole  assuming  the  hole  was  reduced  to  a  zero  diameter. 


To  determine  empirical  coefficients,  it  was  postulated  that,  for  a  fixed  fatigue 
life  of  N  cycles,  the  fatigue  failure  of  different  elements  would  occur  for  the  same 
value  of  the  higher  local  stress,  i.e.,  for  the  same  value  of  the  product  of  the  nominal 
stress  to  failure  after  N  cycles  and  the  SSF-factor.  Hence,  this  factor  has  some 
similarity  with  the  fatigue  notch  factor  Kr.  It  is  valid  only  within  a  certain  range 
of  number  of  cycles  which  would  have  to  be  determined  by  experience.  It  might  sti^l 
be  called  "Fatigue  notch  factor  equivalent  to  the  assembly  detail"  and  designated  K_. 
Three  specimens  are  needed  to  obtain  two  ratios  each  of  which  supply  one  coefficient. 
Jarfall  used  flat  sheet  specimens  containing  a  circular  hole  with  three  loading  modes: 
axially  loaded  specimens  with  free  hole  or  hole  filled  by  a  fastener,  and  specimens 
fixed  at  one  end  and  loaded  at  the  hole  by  means  of  a  pin.  Then,  in  fatigue  tests  of 
assemblies,  local  values  of  the  Stress  Severity  Factor  were  determined  for  each  incipient 
crack.  Knowing  the  SSF  of  various  areas  of  an  assembly,  it  is  possible  to  compute  its 
fatigue  life  under  any  loading  programme  and  then,  knowing  its  service  behaviour,  to 
define  allowable  values  of  the  SSF  for  each  particular  class  of  design  and  of  operational 
service. 


C rich low  and  his  collaborators  have  proposed  the  so-called  “Fatigue  Quality 
Index"  method  that  comprehensively  characterizes  the  fatigue  behaviour  of  an  assembly 
and  implicitly  takes  account  of  details  and  materials.  The  fatigue  quality  index  is 
the  geometrical  notch  factor  chosen  from  amongst,  or  interpoled  from,  those  of  a  set 
of  simple  notched  specimens,  made  from  a  reference  material  that  has  yeilded  N  «  f 
^°*'<Im'KT^”curv®*'  or^er  to  have  same  fatigue  life  as  the  tested  component  for  the  same 
values  of  the  nominal  fatigue  stress,  ca  and  om  near  the  notch  or  the  assembly  junction. 
If  the  component  is  tested  under  a  loading  programme,  fatigue  durations  of  reference 
specimens  are  computed  and  plotted  against  the  loading  programme  intensity,  and,  through 
the  point  representing  the  component  fatigue  test,  one  interpolation  is  made  to  define 
the  K^f-value  of  the  notch  factor  equivalent  to  the  component.  Since  the  material  of 
the  tested  component  may  differ  from  that  of  the  reference  specimens,  one  no  longer 
speaks  of  equivalent  but  only  of  Fatigue  Quality  Index  K.  As  in  Jarfall 's  tests, 
structure  tests  are  carried  out  considering  all  intermediate  durations  until  cracks  ap¬ 
pear,  the  repair  of  which  allow  the  fatigue  test  to  continue  and  more  useful  results 
for  further  prediction  purposes  to  be  obtained.  This  is  supported  by  the  fact  that  in 
the  absence  of  a  “fail-safe*  design,  the  duration  for  a  crack  to  be  detectable  is  in 
practice  often  close  tr  the  total  fatigue  life  to  failure.  For  aluminium  alloys,  2024- 
T3  aluminium  alloy  sheet  material  is  used  as  the  reference. 
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wwxny  niae  tnrougn  parameters  the  knowledge  of  which  enables  prediction  to  be 
siade  of  the  fatigue  behaviour  of  anorher  structure  or  of  an  element  assumed  to  be 
similar  to  the  local  area  under  investigation.  In  the  different  cases,  attempts  are 
made  to  describe  design  and  loading  conditions  of  more  or  less  complex  structural  details 
in  order  to  bring  every  problem  back  to  one  which  has  been  previously  tested.  However, 


because  manufacturing  process!*  and  metallurgical  conditions  are  playing  an  important 
part,  it  may  be  expected  that  tha  prediction  accuracy  will  be  limited  by  the  difficulty 
to  exactly  describe  all  significant  conditions.  At  the  very  best,  it  may  be  hoped  that 
quite  good  prediction  will  be  possible  from  a  first  full-scale  fatigue  test  on  the 
structure  being  studied  when  the  evaluation  aim  will  be  only  to  appraise  the  effect 
of  slight  changes  in  siting  and  loading  on  the  fatigue  life. 

The  comparisons  can  be  defined  along  the  following  lines i 

1.  Loading  types  and  their  Intensities 

Loading  may  be  of  three  types,  namely,  constant  amplitude,  programmed,  or  random. 
Intensities  of  each  of  them  may  be  measured  respectively,  as  amplitude,  higher  load 
and  load  distribution,  and  quadratic  mean  load. 

2.  Reference  structures 


They  may  be  as  follows) 

(a)  Another  structure  of  same  detail  design,  materials  and  manufacturing  processes. 

(b)  Structural  assembly  details  having  same  features. 

(c)  Notched  specimens  of  same  relative  stress  gradient,  material  and  manufactur¬ 
ing  processes. 

(d)  Smooth  specimens  made  from  the  same  material. 

The  following  comparison  parameters  may  be  usedt 

(i)  The  ’Equivalent  notch  factor  -  K_* ,  the  "Stress  Severity  Factor  -  SSF" 
and  the  ’Fatigue  Quality  Index  -K’are  used  with  reference  structures  of 
the  types  (a)  and  (b) . 

(ii)  Nominal  design  stresses  around  stress  raisers  are  to  be  used  in  connection 
with  testa  on  reference  representative  details. 

(iii)  Surface  stresses  and  their  relative  stress  gradients  in  depth  direction. 

(iv)  Surface  stresses  alone. 

Table  I  shows  a  simplified  description  of  prediction  methods. 

A  valuable  extension  of  these  studies  would  be  the  establishment  of  prediction 
means,  consisting  of  banks  of  data  on  fatigue  strengths  of  conventional  structures  and 
elements,  and  suitable  as  iraput  data  for  digital  computers  for  strength  or  optimiza¬ 
tion  analyzes.  All  itesis  of  these  data  would  be  provided  by  accurate  analyzes  of  test 
results  on  full-scale  structures,  partial  structures,  and  components  and  assemblies 
representative  of  various  designs  under  constant  amplitude  loadings.  The  cases  of 
fatigue  life  prediction  under  random  loading  would  be  treated  by  means  of  the  Miner- 
Palmgren  rule. 

V-E  5  DAMAGE  EVALUATION  OF  FATIGUE  LOADINGS  ON  STRUCTURES  BY  SIMPLIFIED 
REPRESENTATION  OF  THE  RANDOM  LOAD  SPECTRUM 

In  s»st  full-scale  fatigue  teats  of  aircraft  structures,  the  applied  load  system 
is  simplified  with  respect  to  random  service  loads.  The  first  problem  to  deal  with 
consists  of  defining  a  test  load  system  that  is  equivalent  to  service  leads  with  regard 
to  fatigue  damage.  Figure  1  which  concerns  the  full-scale  fatigue  test  of  the  "Cara- 
velle"  structure,  schematizes  the  general  course  of  computations  from  gust  velocity 
statistics  and  one  estimate  of  ground  loads  to  define  the  load  prograssne  to  be  applied 
during  a  test  cycle  which  represents  one  mean  type  flight.  Figure  1(a)  shows  gust 
velocity  statistics  by  sections  of  altitude,  drawn  from  acceleration  recording  on 
an  aircraft  of  comparable  type  and  performances  (Comet  1)  during  a  world-round  trip. 

Figure  1 (b)  illustrates  the  estimated  type  flight  of  the  Caravelle  with  values  of  air¬ 
speed,  altitude  and  aircraft  weight  that  are  varying  during  the  flight.  For  each  flight 
section,  constant  values  are  assumed,  and  partial  statistics  of  acceleration  increments, 

An,  at  the  gravity  centre  are  determined.  They  are  corrected  to  give  the  same  loads 
when  applied  to  the  reference  take-off  weight.  Figure  1(c)  shows  the  sum  of  these  partial 
statistics  as  one  curve  of  cumulative  frequency  in  10’  flights  to  reach  or  exceed 
An-values.  Then  it  is  assumed  that  the  wing  structure,  in  the  areas  of  high  stresses, 
has  the  same  fatigue  properties  as  the  notched  specimens,  the  constant  amplitude  fatigue 
properties  of  which  are  represented  in  Figure  1(d) >  in  this  particular  case,  these 
stresses  depended  on  the  acceleration  increment  An  as  follows) 

S  •  8.1  t  S.lAn  daN/asa2. 

*ns  *om  spectrum  or  tne  rigure  nc»  was  oecos^osed  into  a  series  or  constant  amplitude 
fatigue  loads,  »  8.1  ±  S#|,  each  of  them  being  applied  for  N,  cycles  and  producing 
a  partial  damage.  nj/nr1  •  nri  is  the  number  of  cycles  to  failure  under  the  load  S 
taken  from  the  Figure  1(d).  Numerical  data  and  computation  results  are  reporteS1 
in  Table  II. 


Parti*}  damage  ttvm  to  ground  lead*  during  landing  and  taxiing,  ««  wall  «a  that 
due  to  uround*air=gr«und  transition  from  the  lowest  negative  afcrasx  to  the  highest 
positive  a  tree*  nan  be  computed  from  appropriate  load  statistic*,  in  the  uaae  of  the 
Caravelle.  at  the  beginning  of  the  fuli-aoale  fatigue  teat,  the  total  computed  damage 
was  O.M  for  Hr  flight*.  The  teat  wan  carried  out  for  100,000  oyelea  without  nation- 
able  aetual  damage.  This  first  teat  phase  was  followed  by  a  last,  phase  under  a  ximpli-  • 

fled  load  programme  of  311  higher  load  level  for  1,000  syolea  oorresponding  to  4400 
flights,  it  was  shown  that  the  test  "damage"  was  lower  than  0.1  for  10'  oyulee  and  that 
a  life  of  30,000  flights  was  substantiated  with  a  scatter  factor  of  0, 

in  addition  to  the  fast  that  the  structure  under  investigation  may  have  a  better 
fatigue  strength  that  the  referenoe  notched  specimen  (here,  Kn,*»4),  the  discrepancy 
between  damage  prediction  and  full-soale  test  results  is  partially  explained  by  the 
beneficial  effect  of  the  supplementary  "fail-safe"  cycles  in  which  the  higher  load 
corresponds  to  an  ooourrenoe  frequency  of  about  ten  times  in  10,000  flights,  i>e,,  , 

to  a  load  defined  by  n  »  3. St  and  a  oorresponding  maximum  stress  level  of  30.0  daN/mm  , 
whereas  the  maximum  stress  levels  in  the  other  test  cycles  were  of  iadaN/mma  in  normal 
cycles  applied  up  to  30,000  cycles,  and  of  10,3  daN/mm*  up  to  test  completion, 

in  fact,  computation  had  only  been  vised  to  replace  the  loads  of  the  average 
flight  in  the  figure  1(e)  by  the  "equivalent"  test  loads  of  the  Figure  1(f),  in  which 
the  load  reached  or  exceeded  on  average  one  time  per  flight  had  been  Kept,  in  actual 
service,  up  to  1.4,000  flights,  the  fatigue  damages  were  negligible,  Detected  damage 
which  did  not  affect  the  flight  safety  was  due  to  unpredicted  taxiing  loads  but  such 
damage  concerned  only  the  wing  rib  at  the  main  landing  gear  attachment. 

This  general  course  of  fatigue  computation  has  been  retained  in  France  for  the 
Falcon  30  and  the  Nord  303  civil  aircraft,  as  well  as  for  the  military  transport  air¬ 
craft  Transali  e-HQ,  designed  and  manufactured  in  a  French-derman  co-operation,  The 
statistics  vised  for  gust  loads  were  those  of  the  HAS  bats  Sheets,  in  the  case  of 
the  TransaU  aircraft,  measurements  in  flight  at  low  altitude  have  yielded  load  statis¬ 
tics  used  in  the  interpretation  of  fatigue  teat  results, 

Several  causes  of  error  exist  in  this  Kind  of  computation! 

(i)  certain  load  statistics  are  unKnuwn  at  the  time  of  teat.  This  was  the  case 
far  the  asymmetrical  loads  on  tail  surfaces  of  the  Caravel) e  type  which 
used  thrust  reversal  after  touch-down.  In  the  707  basing  aircraft  opera¬ 
tions,  taxiing  afforded  unpredicted  repeated  tension  stresses  in  the  upper 
wing  shin. 

(ii)  Fatigue  test  data  from  notched  specimens  or  from  structures  of  old  design 
and  of  war-time  manufacture  represent  badly  the  properties  of  the  struc¬ 
ture  under  investigation,  To  cope  with  this  difficulty,  some  fatigue  testa 
on  assembly  elements  representative  of  the  structure  may  be  carried  out 
under  a  standardised  load  spectrum. 

(iii)  The  beneficial  effect  of  design  limit  loads  that  could  be  encountered 

very  clearly  in  service,  or  their  detrimental  effect  when  applied  after  a 
oraoK  initiation,  are  not  represented  in  teats.  The  beneficial  effect 
due  to  a  premature  application  of  high  loads  must  be  avoided,  whereas  the 
detrimental  effect  would  shorten  the  fatigue  life  only  slightly,  due  to 
the  exponential  oourse  of  the  crack  propagation  in  fatigue. 

(iv)  The  principle  on  using  an  average  flight  loading  is  questionable  since  a 
number  of  flights  are  carriedout  without  noticeable  gust  loading  and  also 
because  gust  loads  concentrated  during  few  flights  are  lass  damaging  due 
to  the  lowering  by  application  of  the  first  high  gust  of  residual  tensile  > 

stresses  created  by  taxiing  loads.  When  the  loading  speotrum  includes 
compressive  stresses,  the  damage  under  a  service  loading  may  be  less 
severe  than  under  an  average  loading  progranu.e,  as  far  as  the  statistics 
of  turbulent  and  quiet  flights  are  concerned. 

As  long  as  the  final  true  load  speotrum  differs  but  littlo  from  the  spectrum 
used  in  the  structural  fatigue  teat,  corrective  computations  may  be  made  for  the  areas 
damaged  by  the  applied  loads  or,  in  default  of  damage,  in  conservatively  assuming 
damage  beginning  just  at  the  conclusion  of  the  test. 

When  the  true  load  speotrum  is  unknown,  comparative  experimental  investigation 
of  several  designs  or  manufacturing  processes  may  be  oarried  out,  or  the  fatigue  strength 
of  a  particular  structure  may  be  appraised,  under  a  standardised  approximate  spectrum. 

In  development  tests  baaed  on  a  standardised  shape  of  a  speotrum  of  cumulative  frequencies 
of  level  crossings,  a  distinction  should  be  made  between  aircraft  components  loaded 
similarly  to  a  wing,  i.e.,  under  a  loading  programme  having  two  mean  load  values,  and 
components  with  a  loading  programme  having  only  one  mean  load  value. 

For  the  first  loading  case,  typical  of  wings,  D.  Schdti12  has  proposed  the 
standardised  load  spectrum  shape  shown  in  the  Figure  2.  It  corresponds  to  a  mean  load 
spectrum  drawn  through  flight  measurements  oarried  out  on  DC-9,  Boeing  737,  BAC-111 
and  Transall  aircraft.  Flight  loads  measured  on  the  Air-France's  Caravelles  are  plotted 
a*-  the  lower  limit  of  the  scatter  band.  It  must  be  pointed  out  that  these  loads  are 
deduced  from  vertical  acceleration  measurements  at  the  gravity  centre  by  means  of  a 
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oo u nt  method  in  which  level  crossing#  «ra  counted  only  one  time  between  two  crossings 
of  the  zero  acceleration.  This  method  neglects  a  certain  percentage  of  low  level  loads 
but  the  number  of  positive  maxi munis  is  close  to  that  of  aero  crossings  with  positive 
slope.  The  mean  curve  of  level  crossings  in  flight  is  quito  well  represented  by  a 
gausaian- logarithmic  distribution  of  the  ratio  of  the  alternating  load  to  the  mean 
load,  8  /8  ,  of  total  number  of  cycles  ll  «  2  x  107,  passing  through  the  points  P  *•  0.5, 
8,/8„.  ■a0.v85  and  P  «  5  x  10“7,  s  /s„.  «  1. 6  (see  the  B-straight  line  in  Figure  4). 

figure  3  shows  the  level  crossing  spectrum  of  vertical  aooolerations  measured 
at  the  gravity  centres  of  ten  Caravelles  of  Air-Franco  during  47,000  flights  and  plotted 
for  20,000  flights.  Positive  accelerations,  Ani,  are  more  severe  than  the  negative 
accelerations,  Anji  that  may  be  due  to  different  pilot  responses  in  presence  of  severe 
gusts,  and  to  the  asymmetry  of  manoeuvres.  This  fact  corresponds  to  a  varying  moan 
load.  Figure  3  shows  the  alternating  overloads  An  around  the  meAn  load,  as  well  as  the 
quantity  1  +  S./Sm,  where  8a  is  proportional  to  An  and  8m  is  proportional  to  (An*  - 

AnO/2.  s.  and  Sm  are  not  true  stresses  since  the  stress  spectrum  is  not  exactly  pro¬ 

portional  to  the  spectrum  of  load  factors  at  the  gravity  centre  of  the  aircraft. 

The  statistic  of  level  crossings  of  Sa/Sm  values  are  represented  bv  a  straight  line  'A1 
in  Figure  4  in  assuming  for  the  positive  values  a  total  number  of  level  crossings,  H  ■ 

2  x  10®,  in  order  to  compute  the  occurrence  frequencies.  The  abscissae  scale  is  the” 
normal  aaussian  distribution  of  probability  P(x>a)  suah  that  log  iq  (x  ■  S#/Sm)  be 
higher  than  a  fixed  value  log,Qa.  With  H0  ««  2  x  10®,,  H  ■  10®  corresponds  to  the  fre¬ 
quency  O.S.  This  straight  line  is  easily  prolonged,  thus  permitting  an  appraisal  of 

the  high  and  very  rare  overload  values  as  well  as  frequencies  of  loads  lower  than  the 

measurement  threshold. 

To  evaluate  the  fatigue  damage,  the  load  spectrum  may  be  replaced  by  a  stepped 
diagram  or  may  be  broken  down  into  a  sum  of  component  spectra  for  which  fatigue  rosults 
are  available.  To  illustrate  the  procedure,  the  Caravella  Sa/S  spectrum  will  be  broken 
down  into  stepped  components  of  constant  amplitude  or  into  Gaussian  components  in  order 
to  use  LBF  results  of  fatiguo  tests  on  notched  specimens  in  the  oase  o £  constant  amplitude 
loads  and  in  the  case  of  load  progammes  having  a  Qaussian  distribution  of  level  crossings. 
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Figure  7  shows  Sa  -  NR  curves  for  a  mean  stress  Sm  “  8-1  daN/mm  ,  from  Mustang 
wing  tests  of  2Q24-T3  aluminium  alloy,  and  LBF  fatigue  tests  on  notched  specimens 
(Kn.  »  3.1,  r  -  2  mm) ^  made  from  German  3. 1354. S  aluminium  alloy,  I.oakhced  results  of 
fatigue  tests15  on  notched  specimens  (KT  ■  4,  r  ■  2,5  mm)  made  from  7075-T6  aluminium 
alloy  are  quite  comparable  to  the  Mustang  results,  With  the  Caravalle  spectrum  replaced 
by  a  17-level  stopped  spectrum,  between  H  ■  10  andH»  10®,  damage  computations  yield 

£ni^NRi  *  0,224  from  Mustang  curves,  and 

■  0.207  from  LBF  S-N  curves  for  K^,  *  3.1. 

Figure  5  illustrates  the  break-down  of  the  Caravelle  spectrum  into  two  Gaussian 
components,  each  of  them  defined  by  the  maximum  value,  S^/S^,  and  by  their  sizes,  namely 
10®  for  the  I-component  of  maximum  level  Sa/Sm  «  0.9,  and  1.45  x  104  for  the  H-component 
of  maximum  level  1,3.  The  I-aomponent  is  tangential  to  the  overall  speotrum,  while  the 
II-aomponent  passes  through  the  paint  Pj^  on  the  I-aomponent  at  the  distance  logio2  from 
the  overall  speotrum.  To  oomplete,  one  stepped  rectangular  III-oomponont  of  oonstant 
level  amplitude,  1.34,  and  of  size  10,  is  used i  it  passes  trhough  the  point  P2  of  the  II- 
oomnmant  at  the  distanoe  loa102  from  the  overall  SDectrum. 

In  development  fatigue  tests  of  motor-vehicle  components  that  are  loaded  by  the 
dynamic  response  to  road  irregularities,  Gassner  and  W.  Schiltz11  have  used  their 
standardized  BBp  programme  consisting  in  eight  constant  amplitude  load  steps,  the  levels 
of  which  are  interpolated  from  the  binomial  distribution  C?1  with  j  »  0,1,2, ...» 10. 

Tho  level  of  each  load  step  is  measured  by  the  ratio  of  its  alternating  load,  Sa,  to  the 
highest  load  value  of  the  programme,  Js  1  the  mean  load,  S  ,  the  same  for  all  steps,  is 
defined  by  the  ratio  R  -  (S  -  8_)/(§_a+  8_).  Oaourrencemfrequencies  of  loads  arei 

tu  vi  in  ci 

S,/S"  -  1  0.95  0.85  0.725  0.575  0.425  0.275  0.125 

a  a 

ANi  *  2  16  280  2720  20,000  92,000  280,000  605,000, 

with_H  «■  IAN,  »  1,000,610  as*  106,  and  a  RMS  stress  of  the  Sa-amplitudes,  Se,  such  that 
(Se ) *  *  0.Q55TS*)2.  For  the  instantaneous  sine- shaped  stress  S,  the  quadratic  mean 
would  be  o2  *  (Se)2/2.  This  standarized  LBF-distribution  is  very  close  to  the  binomial 
distribution  C?1  which  corresponds  to  H  =  1,048,576  and  to  (Se)2  »  0.05357(8a)^  or 
SQ  ■>  0.23l8a.  J  It  is  nearly  equivalents  the  gaussian  distribution  of  highest  level 
1.06Sa  and  of  size  10®  which  is  represented  by  a  straight  line  in  a  P(x  >  a)  -  S./S 
diagramj  the  straight  line  passes  through  the  points  S.  »  0,  ?  =  0.5  or  H  =<  10®,  a 
and  Sa  ■*  P  »  2  10~7  or  H  «  4.  Tho  RMS  of  this  distribution  is  Se  <•  0.230Sa. 

_  With  this  Gaussian  distribution  of  programmed  loads  defined  by  the  highest  load, 

Sa,  LBF's  fatigue  tests  on  notched  specimens  (KT  ■  3.1)  are  plo.tted  in  Figure  8  and  may 
ba  represented  by  straight  lines 

log  Np  ■  a  -  Ic  log  8  , 

where  NF  is  the  total  number  of  cycles  of  all  load  levels  to  failure,  and  8  =  (8m  -  Sa)/ 


(JL  +  S'-.)  in  tht  fatigue  retio  Cor  the  highest  loads.  In  case  of  a  same  ffm-value  for 
•vary  programme  loading  of  various  5  -values,  an  interpolation  has  been  par formed  by 
plotting  dotted  straight  lines  through  exact  points  located  on  R-ourvee.  With  these  test 
results,  the  break-down  of  alternating  flight  loada  of  the  Caravellu  apeotrum  that  is 
illuatratad  in  Figure  6  yields  the  following  "damage"  values t 

I- oomponent«  _  ,  *  *  _ 

•  0,9  x  8.1  «  7.3  deN/mnr ,  H  «  10°,  Np  «  8  x  10°,  dj  «  H/ffp  -  0.123; 

II- aomponentt  -  . 

-  1.3  x  8.1  -  10.8  deN/rm\  II  ■  1.45  x  10*  . 

For  a  sise  of  10*,  the  fatigue  would  be  JL  »  1.7  x  106;  the  B-ourve  corresponds. to 
an  ooourrenoe  frequency  of  B4  equal  to  1,45  x  10"  ,  i.e.,  from.Qassner  and  Schlit**  , 
to  a  conversion  factor  0.22  such  aa  fT_  beoomss  0,22  x  1.7  x  10°  *  3.75  x  10s.  The 
damage  of  the  Il-eomponent  would  be  djj  «  0.0385; 

I II-  component »  3  . 

■  1.34  x  8.1  «  10.85  daN/mm  ,  Np  ■  4  x  10*;  and  djjj  ■  0.00025. 

The  total  computod  damage  would  be  D  *  0.1837. 

Taking  into  acoount  the  gauasian-logarithmio  distributor  of  the  Oaravelle's 
flight  alternating  loads,  it  would  have  been  preferable  to  compute  the  damage  value 
from  LBF's  fatigue  teats  of  notched  specimens  under  this  kind  of  leading  programme. 

This  has  not  been  possible  in  the  abaenoe  of  an  exact  knowledge  <:A  the  J.BF  log-normal 
distribution. 


consider  now  Figure  6  where  the  distribution  of  flight  alternating  loads 
approximate  closely  to  a  straight  line  component  of  cumulative  oaaurrenae  frequencies 
equal  to  2.5  times  those  of  the  straight  line  defined  by  the  points  !3a  -  0 H  -  10°, 
and  Sa/S_  ■  1,  H  ■  1.  Most  of  the  load  spectra  of  oivil  and  military  transport  aircraft 
have  a  shape  which  lends  itself  to  a  simple  approximation  by  an  exponential  funotion 
represented  by  a  straight:  line  in  a  diagram  S  -  log  H.  Therefore,  that  is  this  kind  of 
spectrum  shape  that  should  be  the  basis  for  programmed  or  random  fatigue  tests  aimed 
to  the  design  of  transport  aircraft  structures. 


On  the  aontrary,  for  fighter  aircraft,  flight  load  spectra  are  better  approached 
by  analysis  into  Gaussian  components,  or  Rayleigh  components  such  aa 
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where  Hc  is  the  total  number  of  sero  evoasinc"  with  positive  slope,  and  S  «»  a/2  is 
the  RMS  of  the  initial  gaussian  process  whan  the  number  of  positive  maxima  equals  HQ. 
The  Rayleigh  distribution  is  represented  by  a  straight  line  in  the  diagram  (S)2  - 
log  H.  a 


Figure  9  illustrates  the  approximation  of  the  flight  load  spectrum  of  the  Mirage 
III  RS  aircraft  measured  in  Swiss  operations*0 ,  by  means  of  only  one  Rayleigh  distribution 
for  positive  and  negative  accelerations.  Thu  approximation  by  a  Gaussian  distribution 
is  less  exact. 


Figure  10  and  Table  III  give  the  shapes  and  ordinates  of  the  four  types  of  loading 
spectra  previously  mentioned.  The  semi-logarithmic  distribution  is  more  suitable  for  an 
easy  approximation  of  flight  loadings  in  the  case  of  transport  airplanes,  due  to  the 
possibilities  afforded  by  its  variable  slope  which  permit  a  precise  adjustment  in  the 
range  from  medium  level  to  low  level  loads.  The  Gaussian  distribution  of  logarithms  of 
load  levels  (log-normal)  might  seem  bettor  appropriate  if  it  was  not  often  difficult 
and  sometimes  not  possible  to  make  its  adjustment  to  aertain  measured  leading  spectra. 

The  adjustment  criteria  is  that  in  all  points,  the spproximation  curve  have  a  less 
concavity  than  the  investigated  spectrum. 

In  the  case  of  fighter  aircraft,  the  Rayleigh  and  Gaussian  distributions  may  be 
convenient.  However,  it  is  more  easy  to  adjust  Rayleigh  straight  line  (in  a  diagram 
(load) 2  -  log10H). 


However,  aircraft  flight  loada  always  include  the  transition  at  each  flight 
of  the  mean  load  from  the  flight  condition  to  the  lower  value,  negative  for  the  wing, 
during  the  taxiing  at  low  speed.  The  effect  of  this  transition  is  more  to  be  ascribed 
to  a  change  in  residual  stresses  than  to  i.ts  direct  fatigue  damage.  The  last  load  applied 
just  before  a  stress  change  in  sign  has  a  predominant  effect  on  the  damage  afforded 
by  the  following  loads  (see  Schijve16) .  This  effeot  may  aggravate  the  influence  of 
ground  loads  which  produce  tensile  stresses  in  the  wing  upper  skin,  as  in  the  case  of 
certain  transport  airplanes  having  a  particularly  flexible  wing.  Figure  11  illustrates 
thr  inversion  in  sign  of  the  loads  of  upper  and  lower  skins  of  a  wing.  In  wing  upper 
skins,  repeated  compressive  stresses  due  to  flight  loads  tend  to  create  tensile  residual 
stresses  at  the  stress  raisers  and  reinforce  the  damaging  effect  of  repeated  tensile 
stresses  due  to  ground  loads. 


Fig.3  Catavelle  flight  load  spectrum  for  20,000  flights 


pig, 5  Gaussian  components  of  the  Caravelle  spectrum 
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In  order  to  take  account  of  ground-air-ground  transition,  we  have  proposed1 
to  break-down  the  diagram  of  loads  during  one  flight  into  one  fundamental  component 
defined  by  the  highest  and  the  lowest  loads  applied  during  the  flight,  and  complementary 
alternating  loads.  That  attributes  to  the  ground-air-ground  transition  an  importance 
comparable  to  the  actual  importance.  To  our  knowledge  no  other  method  supported  by 
comparative  and  statistically  significant  tests  is  available  to  replace  this  rough 
mode  of  assessment. 

In  full-scale  fatigue  tests,  the  following  procedures  to  represent  the  ground- 
air-ground  transition  have  been  considered. 

2 

-  Tests  of  Swiss  type  ,  controlled  by  tapes  of  statistical  measurements  recorded 
in  actual  operations.  This  method  implies  that  fatigue  test  results  enable, 
at  the  very  most,  late  changes  to  be  made  in  manufactured  aircraft  and  in  a 
number  of  components  under  manufacture. 

-  Tests  under  random  loading  with  random  times  for  the  passage  from  the  flight 
to  the  ground  conditions.  In  this  case,  loads  may  be  generated  either  by 
one  or  several  Gaussian  processes,  or  by  a  program  where  the  sequences  of 
application  of  individual  loads  will  have  been  determined  randomly. 

-  Tests  under  random  loads,  on  a  flight-by-flight  basis,  the  overall  spectrum 
being  broken  down  into  partial  spectra  for  each  flight,  the  severity  of  which 
being  distributed  according  to  the  extreme  values  of  the  loads,  on  a  flight- 
by-flight  basis.  In  the  case  of  the  military  aircraft,  Transall,  Figure  12 
illustrates  this  possibility.  Straight  lines  correspond  to  a  Gaussian  distribu¬ 
tion  between  the  flights  of  the  logarithms  of  additional  wing  bending  moments 
reached  or  exceeded  n  times  per  flight.  This  result,  similar  to  that  obtained 
by  Baxbaum18'19  from  other  flights  and  other  measurements  on  the  same  air¬ 
craft,  shows  that  the  individual  flight  spectra  are  distributed  as  the  extreme 
values.  This  kind  of  result  only  concerns  gust  loads;  it  would  be  useful 

to  know  if  other  aircraft  behave  similarly. 

V-E  6  FATIGUE  TEST  ACCELERATION  OR  INTERPRETATION  OF  TEST  RESULTS  IN 
CASE  OF  CHANGES  IN  SERVICE  LOAD  LEVELS 

In  the  statical  strc  ith  of  aircraft  structures,  possible  service  overloading 
with  respect  to  design  loads  id  the  possible  weakness  of  a  particular  structural  com¬ 
ponent  are  palliated  by  a  safety  factor  arbitrarily  taken  to  be  equal  to  1.5.  In  the 
realm  of  the  fatigue  strength  of  these  structures,  safety  is  ensured  by  a  life  scatter 
factor  quite  variable,  according  to  technical  circumstances,  the  Authority  and  the 
Country.  In  France,  a  value  of  5  has  been  proposed;  it  is  lessened  to  3  for  secondary 
structure  and  for  vital  components  the  fail-safe  of  which  has  been  proved20.  Its 
minimum  value  is  2. 

In  helicopter  components,  the  very  large  number  of  load  cycles  to  consider  in 
service  put  an  obstacle  to  laboratory  tests  under  the  low  stresses  corresponding  to 
actual  number  of  cycles.  Whereas,  onenshould  consider  service  loads  applied  in  the 
number  of  cycles  range  from  10®  to  101  ,  fatigue  tests  are  carried  out  with  higher 
load  levels  in  the  range  of  106  cycles.  Test  results  are  extrapolated  to  a  very  large 
number  of  cycles  in  order  to  obtain  the  so-called  endurance  limit,  Sm  .  To  compare 
this  fatigue  limit  strength  to  applied  loads,  loads  are  multiplied  by  a  safety  factor 
the  order  of  magnitude  of  which  may  reach  3, 

In  general,  life  scatter  is  fairly  constant  in  ratio  along  the  steeper  sections 
of  S-N  curves  and  is  rapidly  increasing  toward  the  larger  number  of  cycles.  GasBmann's 
tests2!  in  axial  tension-compression  of  smooth  hour-glass  shaped  specimens  made  from  a 
low  alloy  Cr-Ni-Mo  steel,  in  which  the  static  strength  was  measured  by  means  of  tensile 
specimens  taken  from  the  fatigue  specimens  in  the  vicinity  of  the  end  fittings,  have 
proved  that  the  main  part  of  the  fatigue  scatter  may  be  ascribed  to  the  scatter  in 
tensile  properties,  and  that  the  corrected  S-N  curve  was  a  straight  line  in  a  diagram 
log  S  -  log  N,  from  N  *»  10  to  N  ■  105,  Then,  for  N  i  10®,  the  straight  line  was 
lower  than  test  results  indicated.  For  aluminium  alloys  which  have  no  well-defined 
endurance  limit,  it  is  probable  that  the  straight  line  would  pass  through  results  up  to 
a  larger  number  of  cycles.  It  might  be  accepted  that  the  scatter  in  fatigue  strength 
is  proportional  to  that  of  the  static  strength,  and  that  it  may  be  better  evaluated  by 
means  of  a  regression  straight  line,  except  in  case  of  initial  damage  by  fretting. 

When  a  fatigue  test  has  been  performed  with  the  loading  foreseen  for  the  produc¬ 
tion  aircraft  at  the  time  of  the  prototype  manufacture,  it  frequently  happens  that  the 
actual  loading  of  production  aircraft  and,  a  fortiori,  these  corresponding  to  later  type 
developments,  are  more  severe.  That  implies  a  need  to  carry  out  interpretative  analyses 
by  which  existent  fatigue  life  margins  are  transformed  into  load  margins.  If  life  margin 
is  not  available,  a  reinforcement  will  be  substantiated  by  transforming  a  lowering  of 
local  design  stresses  into  a  loadnargin.  In  order  to  be  better  plaaed  for  later  inter¬ 
pretation  of  fatigue  test  results,  and  to  obtain  results  more  early,  it  is  proposed  to 
reduce  the  supplementary  test  duration  corresponding  to  the  scatter  factor  by  increasing 
the  general  load  level,  according  to  this  apparent  reduction  of  the  scatter  factor. 

This  first  test  phase  would  permit  substantiation  of  the  service  operations  of  the  first 
aircraft,  and  the  test  would  be  possibly  resumed  to  substantiate  an  actual  increase  in 
operational  loads.  In  the  Initial  phase,  inspections  should  be  more  frequent,  due  to 
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the  fact  that  crack  occurrence  should  be  detected  for  smaller  crack  lengths  (divided  by 
the  squared  factor  of  load  increase) .  In  the  following,  we  make  an  attempt  to  evaluate 
the  test  duration  reduction  which  would  correspond  to  an  increase  of  10%  in  load  level. 

13 

From  fatigue  tests  performed  in  Australia  on  Mustang  wings  ,  it  has  been  proposed 
that  the  results  could  be  considered  to  be  similar  to  those  obtained  by  the  NACA  on 
notched  specimens  made  from  2024-T3  aluminium  alloy  sheet  with  a  notch  factor  of  4. 

This  kind  of  comparison  is  questionable  for  the  following  reasons. 

(a)  The  local  fatigue  behaviour  depends,  not  only  on  the  stress  concentration 
factor,  but  also  on  the  stress  gradient  in  the  depth  direction,  particularly 
in  the  case  of  high  loads  and  low  fatigue  cycles. 

(b)  In  the  case  of  a  complex  structure,  the  ratio  between  the  higher  stress 
and  the  nominal  stress  is  the  product  of  the  local  stress  concentration 
factor  and  of  the  load  concentration  factor,  which  is  the  ratio  between 
the  local  load  and  the  mean  load  in  the  considered  area.  It  stands  to 
reason  that  the  stress  gradient  corresponding  to  the  local  stress  concen¬ 
tration  should  be  associated  with  theoverall  stress  concentration  in  the 
prediction  of  the  local  fatigue  behaviour  of  the  structure. 

(c)  In  actual  structures,  fretting  damage  plays  a  more  important  part  in 
decreasing  the  fatigue  life  in  the  range  of  large  number  of  cycles  and  low 
stresses;  it  is  absent  in  tests  on  notched  specimens. 

Local  shapes  of  S-N  curves  may  be  characterized  by  their  slopes  in  logarithmic 
coordinates  t 


k 


3  log  N 
3  log  S  ' 


This  slope  varies  along  the  S-N  curve;  this  is  likely  to  be  due  to  the  scatter 
of  the  material  properties  as  was  the  case  in  the  Gassmann's  tests.  Hence,  in  tests 
of  assemblies  using  at  the  very  most  two  or  toree  specimens  per  load  level,  the  plotted 
S-N  curve  will  be  questionable,  and  its  slope  will  be  still  more  questionable.  For 
example,  Figure  13  shows  fatigue  test  results  from  Mordfin  and  Halsey2*,  on  box-beams 
made  from  7075-T6  aluminium  alloy.  From  102  to  8  x  10*  cycles,  with  R  positive  but  low, 
k  shows  the  successive  rough  values  4.8  -  2.25  and  4.8,  of  mean  value  3.9.  Using  other 
test  results  of  the  same  specimens,  a  mean  straight  line  of  slope  k  -  4.5  may  be  plotted, 
thus  showing  that  the  erratic  slope  variation  was  due  to  scatter. 


A  short  survey  of  published  results  yields  the  following  values  of  k. 

1.  Notched  specimens 

In  tests  under  constant  amplitude  of  the  alternating  stress,  the  mean  stress 
increases  the  slope  of  the  log  8a  -  log  N  curve.  Round  notched  specimens  made  from 
A-U2GN  aluminium  alloy  thick  sheet  and  tested  at  the  "Etablissement  Adronautique  de 
Toulouse",  yielded; 


Kt  «*  1.7,  relative  stress  gradient  g  ■  §•  3S/3z  »  -1,  sm  “  k  *  4.8; 

K|j,  ■»  3.3,  g  *  -5.7  mm*1,  Sm  ■  0  10.5  21  daN/mm2 

k  -  4.9  3.6  3.1. 
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These  values  concern  the  range  from  10  to  10  cycles. 

In  the  same  range  of  number  of  cycles,  tests  of  LBF  (Report  1079)  on  flat  notched 
specimens  made  from  the  German  3.1354.5  aluminium  alloy  givet 

Jtj  -  3.1  and  g  «  -1  ran"1;  Sm  =  0  4.7  9  15.5  daN/mm2 

k  »  3.3  2.6  2.4  2.3. 


With  the  same  specimens  and  the  same  alloy,  test  results  plotted  in  Figure  8  correspond 
to;  sm  »  0,  it  ■  7.6;  Sm  »  8  daN/mm2,  IT  »  4.8.  It  is  seen  that  k  is  somewhat  higher 
in  case  of  tests  under  a  load  spectrum. 

2.  Riveted  or  bolted  assemblies 


Among  numerous  testa,  we  will  quote  some  of  them  on  small  assemblies  made  from 
2024-T3  aluminium  alloy  sheet.  From  10*  to  10®  cycles,  test  by  SohUt*  (LBF  Report  F-47) 
for  oountersunk  rivets  yielded; 

k  ■  3  for  constant  amplitude  loading,  and 

k  ■  5.6  for  programmed  loading  spectrum. 

In  EAT's  tests  (Report  8388/MV) ,  k  »  4  was  obtained  for  countersunk  rivets, 
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whereas  k  •»  7  for  round  '  *ad  rivets, 


in  Ni,R'«  tests  (TN  M.2104)  with  round  hood  rivets t  k  *  4  for  best  trusted  , 
ehaet  with  8()i2  **  IS,  4  dAtVmm*  and  k  «  2.1  for  oold»worked  sheet  having  «  91  daN/itm  , 

it  is  obvious  that  the  fretting jiUya  a  part varying  in  fch<  different  oases,  and 
that  this  entails  a  large  range  of  variation  of  k,  Moreover,  a  part  of  the  variation 
is  due  to  the  scatter  and  to  the  email  number  of  specimens  tested  at  eaeh  load  level, 

3,  Structures 

It  i  tt 

Under  constant,  amplitude  roads.  Mustang  wings  yield  between  10  and  1  a  10 
oyoles*  Pmin,  “  R  ®  0,  k  *  9;  F  »  0,  R  -»  -1,  k  »  0, 

Other  results  arei 


-  NAOA  TN  4137,  2094  aluminium  alloy  boa-beams i  k  »  3,7, 

-  naca  TN  b-347,  quoting  NAOA  TN  4132,  t'-so  wings  under  oonstant  amplitude 
loads,  between  aQ4  and  10s  ayolest  k  ■  3,99, 

-  Tests  by  Mordfin  and  Halsey  on  7075-T3  aluminium  alloy  box-beams;  k  »  3,49 
as  shown  in  figure  13,  Tests  by  hosenfeld  (A8TN  8TP  338)  yield  k  **  4% 

in  general,  k  la  quite  variable  but  probably  higher  than  3  for  oonetant  amplitude 
teats,  4  for  programmed  tests  with  aero  mean  load,  and  9  for  programmed  testa  with 
noticeable  mean  load. 


On  condition  that  a  sufficient  number  of  specimens  are  available  for  each  loading 
level,  the  analyses  of  tests  on  various  assembly  types  would  permit  a  better  answer  to 
bo  obtained  to  the  problem.  Conservatively,  we  are  assuming  that  an  inoraase  of  10% 
in  load  level,  in  a  programmed  fatigue  test,  would  correspond  to  a  reduction  of  331 
in  duration. 


V-E  7  TESTS  UNDER  RANDOM  LOADINGS 

The  quite  recent  development  of  fatigue  tests  of  notched  specimens  under  random 
loads  is  first  the  consoquonoo  of  practical  possibilities  afforded  by  the  test,  devioas 
electronically  controlled  using  imput  signals  from  analogue  devices,  or  from  a  computer, 
such  as  those  used  by  Swanson*’  and  by  Melcon  and  McCulloch",  19, 

Secondly,  the  prediction  of  the  dynamical  response  of  aircraft  in  continuous 
turbulence  and  to  ground  irregularities  through  the  power  spectral  density  method  give 
results  that  are  expressed  us  a  sum  of  Rayleigh  distributions  weighted  by  the  RMS  of 
each  distribution.  Molaon  and  McCulloc.i  have  investigated  the  fatigue  life  of  flat 
notched  specimens  (KT  *  4 ,  g  »  -0.8  mm“l  and  K>j>  -  7,  g  »  -3.2  mm"l)  made  from  7Q7S-T6 
aluminium  alloy  under  random  or  programmed  (low-high  loads)  loading  spectra  obtained 
by  superimposing  elementary  spectra.  The  resulting  programme  was  applied  about  10 
times.  The  loadings  had  the  same  distribution  in  cumulative  frequency  of  occurrence  in 
the  two  test  typos,  random  or  under  programme.  These  spectra  were  representative  for 
loadings  of  fighter  aircraft.  The  discrepancies  of  results  betwoon  random  or  programmed 
loadings  seem  ascribable  only  to  the  count  method  applied  to  tho  random  signal,  which 
disregarded  numerous  low  amplitude  variations  of  the  load  between  two  successive  aero 
crossings, 
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Thi«  difference  has  been  avoided  in  tests  by  Jacoby  ,  in  which  random  or  pro¬ 
grammed  loads  were  digitally  defined  by  a  computer  controlling  the  sequence  of  their 
application.  Specimens  made  from  2Q24-T3  aluminium  alloy  wore  of  the  type  with  centro 
notch  (Ktj  =  3.1,  g  »  -1.82  mm'l).  The  loading  spectra  used  were  hased  on  flight  and 
ground  loads  of  a  transport  airplane.  Tho  considered  sequences  were; 

(a)  Random  sequence  of  maxima  and  minima,  the  only  condition  being  that  a 
maximum  follows  a  minimum; 

(b)  Random  sequence  of  alternating  loads  around  mean  loads  in  flight  and  on 
the  ground,  with  .random  transition  from  the  flight  condition  to  the 
ground  condition; 

(c)  Flight-by-f 1j ght  programme  with  high-lcw-high  sequence  of  flight  loads; 

(d)  Flight-by-flight  programme  with  low-high- low  sequence  of  flight  loads; 
Relative  durations  were; 


Sequences  a  b  c  <i 

Life  dur.  Lions  1  0.9  0.8  1.6. 

We  believe  that  alt.hovT,  .vrvice  loads  are  not  truly  alternating  and  that  they  often 
result;  from  multi-  modal  r  murine  giving  rise  to  beating,  their  representation  by  alterna¬ 
ting  loads  is  likely  '.o  reprosant  sufficiently  closely  actual  behaviour  when  the  lower 
resonance  frequencies  of  the  structure  are  fairly  distinct.  When  the  flight  alternating 
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load  spectrum  is  known  and  in  the  case  where  the  distribution  of  extreme  values  per 
flight  is  unknown,  the  most  simple  test  mode  consists  of  creating  flight  and  ground 
alternating  sequences,  and  to  determine  randomly  the  times  of  the  ground-air-ground 
transition. 


If  the  overall  loading  spectrum  and  the  extreme  value  distribution  by  flight  are 
both  known,  it  will  be  possible  to  use  random  sequences  of  programmed  loads  by  flight, 
their  intensities  being  distributed  between  the  flights  as  extreme  values. 


The  knowledge  of  the  load  spectrum  computed  by  means  of  the  power  spectral  density 
method  as  a  superimposition  of  several  Rayleigh  distributions  (case  of  gust  loads) 
affords  no  change  in  the  problem  since  it  does  not  prejudge  on  any  distribution  between 
flights  and  the  fatigue  test  on  a  flight-by-flight  basis  is  certainly  fundamental  both 
with  programmed  and  random  loadings. 

Another  problem  occurring  mainly  in  fatigue  tests  at  acoustical  frequencies 
related  to  vibrations  of  structural  sheet  panels,  is  that  of  the  possibl-  definition  of 
a  spectrum  of  cumulative  frequency  of  level  crossing  by  the  RMS  of  a  load  or  a  stress. 

If  the  highest  value  of  the  load  is  fixed,  if  the  spectrum  is  complete,  and  if 
its  irregularity  coefficient  Hq/H^  is  known,  the  RMS,  S-,  is  a  comparison  term  as  valuable 
as  another  (H  is  the  number  or  zero  crossings  with  positive  slope,  while  Hy  is  the 
number  of  positive  maximums).  However,  Se ,  often  isaily  known  from  an  electric  measure- 
sent  on  a  random  signal, the  maximum  values  of  which  are  not  known.  Test  results  which 
give  place  to  a  Se-N  curve  are  often  obtained  from  the  generation  of  the  random  loads 
by  exciting  the  structure  vibrations  by  a  white  noi3e  having  a  power  spectral  density 
fairly  constant  between  two  cut-off  frequencies.  It  seems  difficult  to  use  this  kind 
of  result  for  fatigue  life  prediction  of  another  diff  «rent  element  under  an  excitation 
corresponding  to  a  power  spectrum  having  different  cut-off  frequencies.  From  Clevenson 
and  Steiner^o,  the  spectrum  shape  would  have  little  influence  on  the  fatigue  life; 
the  used  spectra  were  well  defined,  that  being  not  the  case  in  practical  problems. 
Moreover,  fretting  and  ground -air-ground  transition  were  not  represented.  In  the 
case  of  aircraft  primary  structures,  the  ratios  of  the  highest  spectrum  loads  to  the 
RMS  loads  vary  with  the  general  shape  of  spectra,  therefore  vary  with  the  aircraft  type, 
transport  or  fighter. 

Finally,  it  mush  be  noted  that  two  types  of  root  mean  squares  of  a  random  load 
are  to  be  considered,  namely; 

(a)  the  time  root  moan  square,  o,  which  depends  on  tne  frequency  distribution 
of  oscillating  loads  and  that  occurs  in  computations  by  the  method  of  the 
power  spectrum,  and 

(b)  the  root  mean  square,  S^,  Of  peak  loads. 
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The  relation  Se  «  2a  is  only  valid  when  only  one  gaussian  process  exists. 

V-E  t  CONCLUSION  ON  DESIGNER'S  NEEDS  RELATIVE  TO  FATIGUE  TEST  RESULTS 

In  the  matter  of  fatigue  life  prediction,  the  designer  generally  lacks  reliable 
data  to  supplement  the  laboratory  test  results  on  simple  notched  specimens — few  test 
results  stay  be  available  on  simple  riveted  or  bolted  assemblies  under  constant  amplitude 
load  or,  sore  rarely,  under  programed  loading.  The  best  possibility  of  prediction 
still  consists  of  using  comparative  damage  computations  using  standard  fatigue  data  of 
notched  specimens  to  analyze  a  fatigue  test  result  on  a  structure  in  order  to  predict 
the  fatigue  life  of  another  structure  or  some  particular  design  conception  and  some 
manufacturing  process.  The  final  result  depends  on  the  choice  of  representative 
structural  element  to  be  used  in  prediction  and  on  the <fe signer  judgment,  which  is 
unfortunate  in  case  of  bad  prediction.  This  state  of  affairs  may  be  permanent.  Any 
attempt  to  progress  should  be  international  with  regard  to  the  importance  of  test 
facilities  and  general  means  of  use. 

A  practical  effort  to  standardize  fatigue  tests  of  '-omponents,  assemblies  and 
structures  has  been  made  by  Gassner  and  his  collaborators.  Their  standardized  spectrum 
is  well  suitable  to  represent  flight  loads  of  fighter  aircraft  and  general  ground  loads, 
its  use  to  represent  flight  loads  of  transport  aircraft  is  less  convenient.  In  this 
latter  case,  the  exponential  relation  „• 


-c(S#) 
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seems  better  suited.  Hence,  it  would  be  possible  to  perforr  fatigue  development  tests 
by  using  only  two  distribution  types,  namely: 


.Mil  U,  MJUiyi  I, 

-  Exponential . 

With  each  of  these  distributions,  it  would  be  useful  to  carry  out  fatigue  tests 
in  order  to  know  the  influence  of  t-he  ground-a;  r-ground  transition  for  each  type  of 
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technological  detail.  As  first  proposed  by  Gassier,  each  distribution  would  be  defined 
by  the  value,  of  the  highest  load  of  the  spectrum,  the  value,  Sra  of  the  mean 
load,  and  the  spectrum  size,&i.e.,  the  total  number  of  mean  level  crossings.  The 
convenient  sizes  would  be  10*  for  applications  to  transport  aircraft,  and  10*  for 
fighter  aircraft. 

The  Gaussian-logarithmic  distribution  is  badly  suited  to  adjustment  with 
actual  spectra  and  would  be  considered  only  if  there  were  reliable  data  to  demonstrate 
that  the  same  distribution  would  be  usable  for  a  large  class  of  aircraft.  Taking 
account  of  the  possible  application  of  the  Rayleigh  distribution  to  certain  problems  of 
acoustic  fatigue,  it  would  be  judicious  to  consider  this  distribution  as  a  substitute  of 
the  Gaussian  distribution.  In  this  case,  the  RMS  value  would  be  defined  by  the  distribu¬ 
tion  instead  of  defining  the  distribution  by  the  measured  RMS  of  an  electrical  signal. 

Acoustic  fatigue  tests  are  excluded  from  the  present  short  survey,  however,  if 
fatigue  tests  at  high  frequency  concern  specimens  of sti f f 'es s  such  that  the  stress  dis¬ 
tribution  depends  on  the  frequency,  it  would  be  useful  to  standardize  these  tests  by 
defining  the  highest  load  and  the  shape  of  the  level  crossing  spectrum. 

In  returning  to  the  designer's  needs,  it  may  be  stated  that  before  systematic 
fatigus  test  results  of  assemblies  under  standardized  loading  spectra  become  available, 
a  useful  fatigue  quality  classification  of  assemblies  and  structures  could  be  carried 
out  along  the  line  of  approach  usedfcy  Crichlow  and  his  collaborators,  or  by  Jarfall. 

In  the  present  survey,  the  general  framework  of  the  problem  is  outlined  and 
tentative  suggestions  are  put  forward  for  discussion,  rejection  or  to  be  followed-up. 
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V  F.  OUTLOOK,  FUTURE  DEVELOPMENTS 
D.  Brosk 


VF.l  Introduction 

In  oonoiuding  ohaptsr  V  on  fall-safe  design  It  la  neoessary  to  oonaldar  tha  achievements 
Bade  ao  far  and  to  emphasize  their  shortcomings.  Thrcughou4  chapter  V  It  haa  appeared  that  really  none  of 
tha  toola  available  to  daaign  fail-safe  ia  in  a  atata  of  relative  perfection,  although  aome  parta  of  tha 
proeaduraa  have  bean  brought  to  an  acceptable  ataga  of  reliability.  Fail-safe  daaign  requires  a  solution  to 
tha  following  problems. 

a)  Determination  of  tha  minimum  datactabla  crack  length. 

b)  Prediction  of  tha  residual  strength  of  the  structure  in  cracked  oondition,  o.q.  determinat¬ 
ion  of  the  oritioal  crack  length  at  the  required  fail-safe  load. 

o)  Establishment  of  expected  load  speotrua. 

d)  Determination  oi  tha  erack  propagation  from  the  minimum  deteotabla  crack  size  to  the 
oritioal  oraok  length,  in  order  to  set  safe  inspection  intervals  (or  in  rare  oases  safa 
intervals  for  proof  tasting  or  periodio  stripping). 

a)  Knowledge  of  locations,  liable  to  develop  cracks. 

f)  Reliable  servloe  inspection,  taking  into  account  tha  accessibility  of  the  parta  or 
structure  under  oonaidarr  tion. 

This  volume  presents  useful  engineering  solutions  to  all  of  those  problems,  but  it  has  appear¬ 
ed  that  these  solutions  still  have  conspicuous  shortcomings.  One  important  shortcoming  is  that  often  in¬ 
sufficient  data  are  available  to  use  a  certain  procedure,  although  the  method  in  ltsslf  is  ready  for 
engines ring  applications.  Section  F.2  gives  e  survey  of  the  data  that  should  ba  mads  available  in  order  to 
allow  a  proper  application  of  tbs  fail-aafa  design  procedures  in  their  present  stags  of  development. 

Other  shortcomings  are  due  to  an  insufficient  knowledge  of  fracture  and  fatigue  mechanisms, 
basical ly ,  as  wall  as  In  its  applications  to  atruotural  design.  Further  basic  and  s^>irical  research  is 
required  together  with  a  further  development  of  prediction  procedures.  Baaio  research  ia  not  considered 
here,  as  this  onapter  deals  with  practical  fail-aafa  oorcepts.  Empirical  investigations  are  neoessary  be- 
oauee  there  are  still  a  number  of  preotloal  questions  waiting  for  an  anower.  Areas  that  require  further 
exploration  in  that  respect  are  discussed  in  tbs  following  seotlona. 

Vr.l  Required  basic  date  for  fall -safe  design  at  p.-essnt  stats  of  knowledge. 

The  fail-safe  design  procedure  described  in  detail  in  chapter  V  will  oertainly  see  further 
development  in  the  near  future.  On  the  baale  of  tha  limited  experimental  evidence  yet  available,  the 
engineering  approach  is  useful,  deepite  ite  shortcomings,  but  bam  to  be  refined  at  cartel n  points  and  has 
to  ba  substantiated  by  further  testing.  The  method  ia  expected  to  find  application  in  current  designs. 

For  application  of  the  prooodurs  la  its  present  form,  tha  designer  needs  the  following 

information! 

a)  Callable  data  plota  of  da/dn  versus  AK  for  various  stress  ratios  (S)  so  that  no  extra¬ 
polation  is  required.  The  date  plots  should  ba  available  for  a  wide  variety  of  materials, 
thicknesses,  and  for  different  environments  like  water,  humid  sir,  dry  air,  and  fuel. 

Effects  of  low  end  slightly  elevated  temperatures  should  be  involved.  The  data  ehould  allow 
am  appraisal  oi  the  soattsr. 

b)  Bailable  residual  strength  ourvas  ere  required.  Again,  data  for  a  wlda  variety  of  meterials 
and  thicknesses  have  to  be  available.  Some  data  are  required  to  allow  ea  appraisal  of  tha 
effects  of  temperature,  each i niag  procedures,  end  manufacturing  procedures. 

o)  In  order  to  simplify  procedural  in  tha  early  design  stage  of  etiffened  cheat  atructuree, 
plots  of  0-  (streas  intensity  reduction  factor)  and  L  (stringer  load  factor)  showing  the 
of  foots  or  such  parameters  as  rivet  size  end  spacing  and  atnngsr-mkin  ratio  would  prove  to 
be  worthwhile.  (For  tha  definitive  design,  exact  oaloulatioua  would  have  to  be  sals) 

«)  The  predial loo  of  fatigue  oreat  growth  la  the  design  phase,  requires  information  about 

expected  load-time  histories.  Problems  involved  ere  associated  with  measurement  techniques, 
sad  statistical  analysis  ia  relation  to  fatigue  damage  accumulation. 

a)  Samoa  experience  can  giva.  useful  Information.  Such  data  are  obtained  under  realistio 
conditions  with  respect  to  load-time  histories  end  environment .  The  statistical  reliabili¬ 
ty  may  be  high  if  many  aircraft  are  involved.  Collection  and  aval lability  of  such  date  would 
be  useful. 


data  would  be  worthwhile. 

V  F.J  Arose  that  require  further  exploration. 

As  pointed  out  in  chapter  V.B.l  on  Fatigue— Crack  Propagation,  tbs  integration  procedure 
needs  further  exploratior.  Preferably,  random  load  history  crack-propagation  taste  should  >e  carried  out 
and  predictions  Beds,  bj  uainq.  different  integration  procedures,  end  tha  predictions  cohered  with  the 
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test  results.  This  approach  would,  allow  an  evaluation  of  tha  merits  of  tha  various  prooaduraa  and  it  could 
load  to  oartaln  raooaaandatlona.  Tha  taata  should  involve  different  aatariala,  sinos  it  is  likely  that  one 
Integration  set hod  would  apply  hatter  to  a  particular  notarial,  wharaaa  another  Integration  method  would 
apply  better  to  another  materiel. 

Randoa  load  tasting  to  explore  tha  differences  in  behaviour  under  various  gust  and  naneuver 
spectra  are  required  since,  aa  yet,  there  is  no  good  appreoiatlon  of  how  conservative  tha  crack  growth 
predictions  are  for  theee  two  apeotra.  Tha  generation  of  data  of  a pa ot run  load  tests  could  ultimately  lead 
to  a  stage  where  the  integration  procedure  is  no  longer  necessary,  ainoe  the  result  could  be  derived 
immediately  from  epeotrua  test  data.  (A  fatigue  specimen  is,  of  course,  the  bast  damage-integrating  computer). 
A  handbook  with  a  compilation  of  flight  simulation  data  may  be  useful  for  aetimating  fatigue  properties. 
Moreover,  it  could  be  a  referenoe  for  comparative  testing  in  order  to  judge  the  fatigue  quality  of  a  new 
design. 


In  the  area  of  the  residual  strength  problem  in  plane  stress  there  is  one  point  that  deserves 
particular  attention.  If  the  curve  for  onset  of  unstable  crack  growth  is  to  be  used  for  stiffened  structu¬ 
res,  there  should  be  a  standard  procedure  to  generate  this  curve,  first,  there  is  a  pronounced  effect  of 
panel  site,  and,  seoond,  it  ie  not  easy  to  dafina  the  critical  crack  length.  At  the  end  of  the  slow  growth 
period,  the  crack  rate  accelerates,  and  it  is  hard  to  define  the  point  of  instability.  The  result  of  the 
test  depends  on  the  testing  technique,  as  far  as  critical  instability  is  concerned.  Some  agreement  has  to 
be  mads  to  standardize  testing  procedures  in  ordsr  to  insure  that  the  designer  knows  what  the  curve 
really  means. 


further  exploration  of  the  crack  growth  resistance  ourve  is  reoonoended,  because  it  may  lead 
to  a  better  understanding  of  the  physical  processes.  Incorporation  of  the  crack-growth  resistance  curve  in 
the  analysis  of  stiffened  panels  is  basically  possible.  This  approach  certainly  needs  attention,  since  it 
may  evolve  into  more  sophisticated  design  methods.  The  methods  to  calculate  the  residual  strength  of 
stiffened  panels  needs  further  improvement.  Such  factors  aa  stringer  eccentricity,  fastener  deformation  and 
hole  deformation  should  b#  accounted  for  in  the  calculations. 

As  for  tha  rsaidusl  strength  under  pLane  strain  conditions  tha  applicability  to  complicated 
geometries  and  natural  oracka  needs  further  attention.  Stress  intensity  factors  for  such  geometries  art 
gradually  being  made  available,  but  there  is  e  shortage  of  test  data  to  prove  their  applicability  for  the 
prediction  of  the  residual  strength  on  the  basis  of  Kj  aa  dstsrminsd  from  a  standard  teat.  Explor  tlon 
of  tha  uaafulnass  of  tha  J-integral  to  fracture  toughnSea  problaxs  la  oartainly  nacassary.  It  may  lead  to 
a  more  sophisticated  fracture  toughness  teet.  Tha  uaa  of  tha  J-integral  or  a  modified  J-lntegral  for  crack 
propagation  has  to  be  investigated.  A  positive  result  would  oaks  tha  J-integral  apply  to  plane  stress 
problems  (alow  oraok  growth)  also. 

v  f.4  flukaeti  itaim  ,in 

It  has  been  pointed  out  in  chapter  V  that  an  improvement  of  the  fracture  toughness  (plane 
stress  aa  wall  plane  strain)  is  less  affaotive  than  ixgirovsment  of  inspection  techniques  and  orack 
propagation  properties.  For  a  certain  prescribed  fail-eafe  load  an  improvement  of  the  fracture  toughness 
by  40  per  oent, increases  the  critioal  crack  length  by  a  factor  ?  (in  case  of  built-up  sheet  structures  it 
may  be  even  lees).  An  increase  of  the  critical  orack  lsngth  gives  a  longer  orack  propagation  life,  but 
orack  propagation  rates  in  this  range  are  already  high.  A  reduction  of  the  minimum  detectable  crack  length 
by  a  factor  2  due  to  improved  inspection  technique  will  give  a  much  larger  increase  of  the  orack  propagat¬ 
ion  period  available  for  orack  detection.  An  improvement  of  inspection  techniques  will  be  especially  use¬ 
ful,  because  creaks  ere  email  during  the  greater  part  of  their  orack  propagation  life.  At  the  moment  the 
oraok  is  somewhat  larger,  the  greater  part  of  the  propagation  life  ia  expired  and  thars  is  only  little 
time  left  for  detection.  In  this  connection,  it  la  clsar  that  improvement  of  crack  propagation  properties 
is  important. 


Fail-safe  design  has  long  been  a  matter  of  qualitative  engineering  judgement.  The  time  has 
arrived  now  that  reasonable  quantitative  predictions  can  bs  mads,  especially  with  respect  to  residual 
strength.  It  mat  be  expected  that  progress  will  be  aade  in  tha  near  feature  to  improve  tha  situation 
with  respect  to  fatigua  orack  prop  gation.  Then  it  seems  appropriate  that  airworthiness  requirements  wil 1 
set  more  severe  demands  to  tha  proof  of  fail-safety. 

With  the  present  state  of  the  art  it  seems  fsaaibla  to  demand  a  proof  by  analysis  and 
supporting  testa.  Tbs  amount  of  fatigua  damage  to  be  considered  sunt  be  defined  on  the  heels  of  crack 
propagation  properties  in  conjunction  with  tbs  inspection  periods  envisaged,  taking  into  account  the  in- 
epectabl L i ty  of  tha  partioular  structure. 


Supporting  tests  will  remain  neoeesary  aaJ  have  to  ha  oonducted  n  fail  seals  components, 
representative  for  tha  complete  structure.  Test  specitens  should  include  attachment  fittings,  major 
Joints  and  splices,  discontinuities,  out-cuts  and  stringer  run-outs  eto.  In  fatigua  testing,  flight 
simulation  teste  will  have  to  be  carried  out,  including  gust  and  mansuvsr-1 oading.  Proof  loads,  faii-t-fe 
loads  and  other  high  loads,  the  occurrence  of  which  is  reaote,asy  not  be  applied  until  the  tea*  it 
oompleted.  The  fatigue  critical  locations  should  ba  determine-*  as  well  as  the  orack  propagation 

" — ‘ — "  BMoadnres.  Inspect  ion  teohalnaes  should  bs  evaluated  for  their 


effectively. 


Residual  strength  teete  nust  be  carried  out  after  completion  of  the  cyclic  test.  The  teet 
article  should  he  loaded  to  the  required  fail-eafe  load  while  it  oontains  realistic  damn -e.  In  contra-t 
to  ths  residual  strength  calcu.ation,  where  the  naximua  allowable  extent  of  the  damage  ie  determined,  in 
the  residual  strength  test  it  has  to  be  shewn  that  ths  structure  can  sustain  tha  prescribed  fail-safe  load 
under  the  presence  of  realistic  fatigua  damage.  In  determining  the  amount  of  damage  the  following  factors 
should  ba  taken  into  account t 


a)  Aooeaalbility  of  the  ir»’  for  the  detection  of  c.acka.  V 

b)  Tha  effeotlveneaa  of  tha  inapectlon  technique  and  the  minimum  dateotabla  oraok  length. 

o)  Prequenoy  of  lnapeotion  envisaged.  (Superficial  daily  and  pre-flight  inapaotiona  ahould 
not  ba  oonaldarad) . 

d)  Tba  rata  of  oraok  propagation  during  oyolio  loadhng. 

In  ordar  to  make  fail-eafety  a  raality  all  information  ahould  ba  made  avai labia  to  tba  air¬ 
craft  operator.  Saaulta  of  analyaia  and  taata  ahould  ba  ayatematloal ly  documented,  with  apaoial  emphaeia 
on  oritieal  locations,  oraok  propagation  rataa  and  reaidual  strength.  Tha  following  information  ahould  ba 
auppliad  to  purchaaerai 

a)  Compilation  of  oritioal  looationa. 

b)  Tha  nature  of  tha  oracka  that  occurred  in  tha  taata  and  tha  ordar  in  which  thay  oocurrad. 

o)  Inapeotion  parioda  for  all  oritioal  looationa. 

d)  Kaana  of  inapaotion  including  a.g.  inetrument  or  X-ray  tuba  aattinga  to  obtain  highaat 
sensitivity  for  tha  araa  undar  conaidaration. 

a)  Warning  that  aarvioa  ahould  ba  diaoontinuad  if  a  crack  ia  found,  until  oorreotira  aeaauraa 
hava  baen  takan. 

A  final  plaa  ia  ralatad  to  tha  diaaanination  of  information,  whioh  haa  alao  baan  mada  by 
Schijva  in  hia  compilation  on  cumulative  fatigue  damaga  (Agardograph  157,  1972).  Savaral  tioaa  it  occura 
that  good  aolutiona  ara  not  raachad  baoauaa  of  lnauffioiant  knowladga,  although  tha  information  ia  avail¬ 
able  acmawhere.  Equally  regretful  la  tha  eituation  where  prejudice  diacarda  improved  aolutiona  and 
progreaa  ia  impeded  by  traditiona.  Tha  problem  ia  greatly  a  matter  of  education  and  divulgence  of 
information.  Hopefully,  tha  preeant  volume  nay  ba  helpful  by  outlining  tha  varioui  aapeota  of  tha  air- 
oraft  fail-aafa  problem. 
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SUMMARY 


Two  standard  methods  -  The  Standard  Method  of  Test  for  Plane  Strain  Fraoture 
Toughness  of  Metallio  Materiolo  and  the  Standard  Method  of  Sharp  Notch  Tension  Testing 
of  High  Strength  Sheet  Materials,  both  published  by  the  ASTM  -  are  described  and  some 
details  whioh  are  important  for  carrying  out  the  test  are  discussed.  Apart  from  these 
standardized  procedures  a  number  of  problems  have  to  be  solved  which  are  not  covered 
by  these  standard  procedures.  Therefore  a  series  of  nonstandard  teat  methods  are  ex¬ 
plained  whioh  mainly  use  different  specimen  shapes.  Advantages  and  disadvantages  of 
these  test  methods  are  discussed  and  comparisons  of  the  test  results  with  results  ob¬ 
tained  from  tno  ASTM  standard  specimen  are  made.  Also  test  equipment  for  testing  frac¬ 
ture  toughness  of  weldments,  under  environmental  conditions  (low  temperature,  salt  wa¬ 
ter  corrosion)  and  high  strain  rates  are  described.  Finally  the  varioua  sources  of 
scatter  for  the  Kic  values  are  pointed  out  and  a  method  for  statistical  evaluation  of 
Kic  is  given. 


1.  INTRODUCTION 


At  the  present  time  the  materials  constants  necessary  for  the  calculation  of  static 
strength  of  cracked  structure  still  have  to  be  determined  experimentally.  While  for 
the  plane  strain  condition  a  Standard  Method  of  TeBt  has  been  published  by  ASTM  fTf 
and  SAE  {27  in  the  United  States  and  by  BISRA  /J7  in  the  United  Kingdom  it  must  be  re- 
cognized  that  these  standards  cover  only  a  small  percentage  of  the  many  practical  prob¬ 
lems  facing  the  engineer  concerned  with  the  residual  static  strength  of  structures  and 
materials. 


Other  conditions  which  are  not  covered  by  the  ASTM  standard  but  may  have  a  large  in¬ 
fluence  on  the  behaviour  of  cracked  structure  in  service  are: 

-  In  many  structural  applications  the  thickness  requirements  of  the  plane  strain  con¬ 
ditions  are  not  met. 

-  Environmental  effects:  low  or  high  temperatures,  corrosion  in  its  many  forms  e.  g. 
stress  corrosion  (including  hot  salt  stress  corrosion),  hot  gas  corrosion,  salt  wa¬ 
ter  corrosion  etc.  Some  of  these  effects  occur  simultaneously.  Moreover  they  can 
act  synergistically,  that  is,  their  effects  cannot  be  linearly  superimposed. 

-  Metallurgical  variables:  grain  direction,  product  form,  heat  treat  cycles  etc. 

-  Strain  rate  effects,  for  example  in  gun  tubes. 

-  Fracture  toughness  of  joints  (weldments,  riveted  or  bonded  connections). 

-  The  material  changes  in  the  course  of  the  service  life,  i.  e.  embrittlement  due  to 
start-stop-operation  in  gas  turbines  or  nuclear  radiation. 


These  remarks  are  in  no  way  intended  to  detract  from  the  importance  of  the  above  men¬ 
tioned  standards,  but  do  show  that  apart  from  the  standardized  procedures  a  number  of 
other  problems  must  be  solved  by  the  test  engineer.  But  in  any  case  the  engineer  first 
should  try  to  use  the  ASTM  Standard  Method  of  Test!  only  if  this  is  not  possible,  he 
should  look  for  another  method  for  his  special  application. 


Besides  some  remarks  on  the  ASTM  Standard  Method  of  Test  for  plane  strain  fracture 
toughness  of  metallic  materials  this  paper  describes  in  the  following  some  other  non 
-standard  methods  of  testing  which  have  been  published  in  the  literature  or  used  by 
the  authors  at  IABG.  Also  advantages  or  disadvantages  of  the  various  test  methods  are 
discussed. 
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2.  METHODS  FOR  DETERMINING  FRACTURE  TOUGHNESS  Klc  UNDER  PLANE  STRAIN  CONDITIONS 


2.1  A STM  Standard  Method  of  Test  for  plane  strain  fracture  toughness  of  metallic 

materials _ _ 


As  mentioned  above  the  materials  constant  Kjc  has  to  be  determined  experimentally. 
Therefore  its  measurement  has  been  the  subject  of  extensive  research  over  the  past 
years.  All  this  work  has  been  coordinated  by  the  ASTM  Committee  E-24  and  has  resulted 
in  the  development  of  a  Standard  Method  of  Test  which  is  standardized  in  the  Annual 
Book  of  ASTM  Standards  as  Designation  E  399-72  T  /T7.  This  method  covers  the  determi¬ 
nation  of  plane  strain  fracture  toughness  of  metallic  materials  by  a  bend  or  a  compact 
tension  test  using  a  notched  and  fatigue  precracked  specimen.  It  provides  for  very 
specific  limits  on  the  minimum  specimen  dimensions  and  fatigue  crack  length.  The  over¬ 
all  purpose  of  the  requirements  of  the  ASTM  Standard  Method  is  to  assure  that  the  Kjq 
values  thus  obtained  will  be  essentially  the  same  as  the  Kjc  values  from  test  speci¬ 
mens  of  unlimited  size.  Only  then  the  values  of  Kic  can  be  considered  a  materials  con¬ 
stant  and  are  not  a  function  of  the  test  method  used. 


Specimen  geometries  (Standard  specimen) 


Two  types  of  standard  specimen  are  used,  the  bend  specimen,  single-edge-notched  and 
loaded  by  three  point  bending  (fig.  1)  and  the  compact  tension  specimen  also  single 
-edge-notched  but  pin  loaded  in  tension  (fig,  2).  The  width  to  thickness  ratio  W/B 
used  for  the  standard  specimen  is  2.0  for  B»12,7  mm  and  4.0  for  B*12,7  mm. 


Fig.  1:  Bend  specimen 

-  standard  proportions 
and  tolerances 


Q.2iWt0.00SW  Oia 


Fig.  2:  Compact  tension  specimen 

1.HW10.01W  - *■{  -  standard  proportions 

and  tolerances 


Notes  Dimensions  and  tolerances  in  mm. 

Surfaces  shall  be  perpendicular  and  parallel  as 
applicable  to  within  0.002  W  TIR 
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If  the  form  of  available  materiel  may  be  better  adapted  to  alternate  spde*tfen  shut 
than  to  the  standard  specimen,  alternative  bend  specimen  may  have  W/B  ■  1.0  to  4 . LVind 
alternative  compact  specimen  W/B  -  2.0  to  4.0.  The  limit  W/fi  «  1.0  for  the  bend  spec¬ 
imen  leads  to  the  square  notch  bend  specimen  SNB  with  a  square  cross  section.  This 
smaller  cross  section  of  the  SNB  produces  a  higher  fracture  stress  to  cause  tne  onset 
of  Ktc  instability  than  is  produced  by  the  standard  notch  bend  specimen  NB  for  the  same 
material  /C7.  This  results  in  a  higher  fracture-stress-to-yield-stress  ratio  and  ef¬ 
fectively  decreases  the  measuring  capacity  of  the  SNB  specimen.  At  fracture-stress-to 
-yield-stress  ratios  of  1.1  or  leas  for  the  SNB,  the  Kic  value  was  in  close  agreement 
with  values  measured  by  the  standard  NB  specimen. 


2.1.2  Discussion  of  some  criteria  for  valid  test  results  of  the  ASTM  Standard  Method 
of  Test 


In  some  applications  particular  requirements  of  the  ASTM  Standard  Method  of  Test  cannot 
be  met  or  are  violated  in  the  test.  The  following  paragraphs  give  some  ideas  what  can 
be  done  in  these  cases. 


2. 1.2.1  Criteria  for  thickness  of  test  specimen 


The  specifications  of  the  ASTM  Standard  for  the  specimen  geometry,  especially  the  thick¬ 
ness,  have  been  one  of  the  major  problems  for  standardization.  If  no  estimation  for  Kjc 
is  svailable  at  the  beginning  of  the  test  series  the  thickness  B  of  the  first  test  spec¬ 
imen  should  be  dimensioned  by  ffys/E  according  to  a  table  in  ASTM  Designation  E  399-72. 
Having  obtained  a  valid  Kic  value  the  thickness  B  calculated  from 

B  SS  2.5  *(Kjg/€yg)^ 


will  give  a  considerably  smaller  specimen  as  shown  in  table  1. 


Material 

C-J 

Thickness  of 

specimen 

®YS 

/Kp/mm 2J 

By- 

yVe 

C-J 

KIC 

B 

according  to 

s* 

B^2.5*rCIcV 

VW 

/“mm J 

3.1354  -  T  «?i 

25 

45.3 

0.006 

83.1 

63 

8.4 

3.1354  -  T  851 

50 

39.6 

0.0052 

90.0 

75 

13.0 

3.4364  -  T  7351 

25 

40.5 

0.0055 

110.5 

75 

18.6 

3.4364  -  T  7351 

50 

41.0 

0.0056 

119.8 

75 

21.3 

3.4354.7 

28 

49.6 

0.0067 

91.8 

44 

8.6 

3.4364  -  T  73 

28 

40.8 

0.0055 

112.1 

75 

19.0 

T16A14V  annealed 

25 

92.3 

0.0082 

195.1 

20 

11.2 

Ti6A14V  STA 

25 

104.7 

0.0095 

215.2 

12.5 

10.6 

Tl6Al6V2Sn  annealed 

25 

101.3 

D.008C 

239-0 

20 

13.9 

Ti6Al6V2Sn  STA 

25 

126.9 

0.0115 

100.0 

6.5 

1.6 

Table  1;  Comparison  of  specimen  thicknesses  determined  from 
fis  and  2.5  2 


Some  tough  materials  require  very  large  specimens  to  obtain  a  valid  K-g valve.  There¬ 
fore  in  some  cases  difficulties  in  producing  standard  specimens  arisexaue  to  the  limi¬ 
ted  thickness  available.  These  can  sometimes  be  avoided  by  welding  or  brazing  extension 
pieces  to  the  test  section,  fig.  3  67.  The  material  of  the  extension  pieces  should 


V 

A 

V 


have  a  similar  Young' s  modulus  E  and  a  similar  flyg  to  avoid  undesirable  stresses  at 
the  bond  line  of  the  two  materials.  Tests  have  shown  that  the  KjC  values  obtained  from 
the  standard  compact  tension  specimen  and  the  welded  or  brazed  compound  specimens  are 

identical  Z27- 


Fig.  3:  Compound  specimen 


2.1.2.?.  Fatigue  crack  initiation  and  propagation 


Crack  initiation  will  be  facilitated  by  spark  machining  of  the  notch.  This  may  be  the 
most  useful  method  for  manufacturing  the  notch  in  high  strength  steels.  A  straight 
through  notch,  if  it  is  spark  machined  will  almost  certainly  be  sharp  enough  for  suc¬ 
cessful  crack  initiation.  But  unless  the  alignment  is  controlled  very  closely  there  is 
some  tendency  for  the  cracks  to  grow  eccentrically  from  a  straight  through  notched  spec¬ 
imen.  Therefore  the  use  of  a  chevron  notch  in  general  is  believed  to  be  the  more  desir¬ 
able  method,  for  the  initiation  of  fatigue  crack  growth  usually  takes  place  in  the  cen¬ 
ter  of  the  specimen  thickness  and  the  crack  then  advances  symmetrically  across  the  en¬ 
tire  front  m. 


To  initiate  and  grow  the  fatigue  crack  in  a  reasonable  time,  fatigue  precracking  should 
be  started  at  higher  loads  than  specified  for  the  last  2.5  percent  of  the  notch  plus 
crack  length.  However  the  difference  between  the  initial  and  the  final  fatigue  loads 
must  not  be  too  large  because  preceding  high  loads  may  retard  crack  propagation  under 
subsequent  low  loads.  The  load  distribution  during  fatigue  cracking  should  be  symmetri¬ 
cal.  However  due  to  grain  flow  imperfections  especially  in  hand  forgings  /57,  it  is  nev¬ 
ertheless  possible  to  get  an  asymmetrical  crack  front  (fig.  4).  If  this  is  noticed  ear¬ 
ly  enough  shimming  during  fatigue  cracking  may  save  the  specimen. 


Fig.  4t  Asymmetric  fatigue  crack  front  of  a  standard  bend 
specimen  caused  by  different  microstructure 
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2 . 1 . 2 . 3  Criteria  for  length  and  straightness  of  the  fatigue  crack 


The  ASTM  Standard  states  as  follows: 


If  the  difference  between  any  two  of  the  crack  measurements  exceeds  5  percent  of  the 
average,  or  if  any  part  of  the  crack  front  is  closer  to  the  machined  notch  root  than 
5  percent  of  the  average  crack  length  or  1.3  mm  minimum,  also  if  the  le  :-.th  of  either 
surface  trace  of  the  crack  is  less  than  90  percent  of  the  average  crack  ■ ,  lgth,  as  de¬ 
fined,  the  test  is  invalid. 


Tests  at  Dayton  University  P5J  have  shown  that  on  aluminium  alloys  (2024-T851)  there  is 
no  effect  on  Kjc  values  if  the  first  and  third  criterion  for  the  straightness  of  the  fa¬ 
tigue  crack  is  violated.  For  other  materials  the  percentage  of  the  deviation  should  be 
noted  and  if  it  is  small  and  the  statistical  evaluation  -  described  in  the  following  par¬ 
agraph  -  has  shown  the  Kjc  values  to  be  insignificantly  different  from  the  valid  ones  the 
values  may  be  used  in  the  opinion  of  the  authors. 


2.1.3  Statistical  evaluation  of  Ktr  values 


If  a  sufficient  number  of  test  results  is  available  a  statistical  evaluation  should  be 
carried  out.  The  arithmetic  mean  can  be  calculated  from  2  to  5  specimens.  For  more  than 
5  test  results  Gaussion  normal  probability  paper  should  be  used;  the  probability  of  sur¬ 
vival  of  the  individual  specimen  can  be  calculated  according  to  /To7 


where  m  =  total  number  of  specimens 

n  =  number  of  individual  Kjc  values , arranged  in  descending  order 


The  results  usually  fit  a  straight  line  over  a  considerable  range  of  probabilities  of 
survival.  However  it  should  be  recognized  that  unless  a  very  large  number  of  test  re¬ 
sults  is  available  and  fit  a  straight  line  the  Gaussian  Normal  Distribution  is  not 
necessarily  valid.  Therefore  one  should  be  cautious  to  extrapolate  very  far. 


If  a  sufficient  number  of  valid  and  invalid  Kjc  values  is  available,  the  two  samples  can 
be  tested  for  the  hypothesis  of  a  common  parent  population  /T17.  If  neither  the  variances 
nor  the  means  differ  significantly  at  the  chosen  level  of  confidence,  the  nominally  in¬ 
valid  values  may  be  accepted. 


A  measure  of  the  scatter  of  fracture  toughness  values  is  the  Standard  Deviation  C ' 


where  N  =  number  of  Kjc  values 

7  =  arithmetic  moan  of  the  available  KIC  values 


One  Standard  Deviation  O'  can  also  be  read  off  the  straight  line  as  the  difference  be¬ 
tween  the  mean  (Ps  *  50  percent)  and  Ps  =  84  percent  or  Pg  =  16  percent  respectively 
(fig.  5). 


2.2  Standard  method  of  share  notch  tension  testing  of  high  strength  sheet  materials 


For  high  strength  sheet  materials  it  is  not  possible  to  determine  valid  Kjc  values  with 
the  ASTM  Standard  Method  of  Test,  because  the  minimum  size  reau;  ement  of  B  >  6.4  mm  is 
not  met.  In  these  cases  it  may  be  possible  to  obtain  a  qualitati/e  indication  of  the  ma¬ 
terial  strength  by  using  ASTM  Standard  Method  Designation  E  338-68  /T27.  The  specimens 
used  are  either  sharp  edge-notch  specimens  or  fatigue  center-crackea  specimens  (fig.  6). 
Since  the  notch  strength  may  depend  on  sheet  thickness  and  specimen  width,  the  method  is 
restricted  to  one  specimen  width  (generally  suitable  for  evaluation  of  high  strength  ma¬ 
terials)  and  to  sheet  materials  not  less  than  0.64  mm  and  not  more  than  6  mm  in  thick¬ 
ness.  The  length  of  the  specimen  is  specified  to  be  300  mm.  The  specimens  are  pin  loaded 
in  tension.  Comparison  of  different  materials  and  material  conditions  must  be  based  on 
tests  with  specimens  having  the  same  thickness. 
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Fig.  5:  Statistical  evaluation  of  KJC  values 
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Fig.  6:  Fatigue  oenter  crack  and  machined  sharp  edge-notch  specimen 
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This  method  provides  a  comparative  measure  o f  the  resistance  of  rheet  materials  to  un¬ 
stable  fracture  originating  from  the  presence  of  cracks  or  c-ack-llke  stress  concentra¬ 
tors.  It  is  not  intended  to  provide  an  absolute  measure  of  resistance  to  crack  propaga¬ 
tion  which  might  be  used  in  calculations  of  the  strength  of  structures.  However  the  test 
is  useful  for 

-  studying  the  effects  of  variables  of  composition,  heat-treatment  in  research 
and  development  of  materials 

-  comparison  of  the  relative  crack-propagation  resistance  of  several  materials  which 
are  equally  suitable  for  an  application 

-  specifications  oi  acceptance  and  manufacturing  control  if  a  minimum  acceptable  sharp 
notch  strength  can  be  established 


The  calculation  of  the  sharp  notch  strength  takes  no  account  of  any  crack  extension 
which  may  occur  during  the  tost.  It  is  anologous  to  the  tensile  strengtn  of  a  standard 
tension  test.  The  precision  of  sharp-notch-strength  mearurement  should  be  equivalent  to 
that  of  an  ordinary  tensile  strength  of  a  sheet  specimen;  also  the  test  should  be  con¬ 
ducted  in  a  similar  manner.  However  toe  sharp-notch  strength  is  more  sensitive  to  local 
flaws  and  normally  shows  more  scatter.  This  should  be  reduced  at  least  by  testing  du¬ 
plicate  specimens  and  averaging  the  results.  The  sharp  notch  strength  may  decrease  rap¬ 
idly  through  a  narrow  range  of  decreasing  temperature.  This  temperature  range  and  the 
rate  of  decrease  depend  on  the  material  and  its  thickness.  The  temperature  of  specimen 
during  each  test  shall  therefore  be  controlled  and  recorded.  Tests  shall  be  conducted 
throughout  the  range  of  expected  service  temperatures  to  ascertain  the  relation  between 
notch  strength  and  temperature.  Care  shall  be  taken  that  the  lowest  and  the  highest 
anticipated  service  temperature  a.  e  Included. 


2.3.  Hon  standard  methods  with  various  specimen  geometries 


For  special  applications  or  because  it  is  often  not  possible  to  machine  one  of  the 
standard  specimens  from  a  given  component  configuration,  some  other  specimen  geometries 
have  been  used  for  plane  strain  fracture  toughness  testing.  A  number  of  different  types 
of  specimens  have  been  developed,  but  the  expressions  for  Kj  of  these  specimens  are  more 
complicated.  The  dimensions  of  the  specimens  in  relation  to  crack  dimensions  are  not 
large  enough  to  neglect  the  effect  of  specimen  boundaries  on  the  crack  stress  field. 

K  calibrations  of  the  specimens  have  to  be  done. 


2.3.1  K  -  Calibration  of  specimen 


The  commonly  used  method  of  K-callbratlon  is  the  measurement  of  compliance  c  =  (v  •  B)/P 
of  a  specimen  having  a  crack  which  opens  when  a  load  is  applied.  The  results  of  the 
compliance  tests  are  shown  as  a  function  of  crack  length  (fig.  7)  and  fitted  by  a  po¬ 
lynomial  expression  c  =  f  (1).  Furthermore  in  e  mathematical  stress  analysis  the  spec¬ 
imen  has  to  be  idealized  into  a  sufficiently  simple  model.  According  to  Irwin  /Tj/  the 
crack  extension  force 


C  * 


v  *  displacement 
P  *  applied  load 


together  with  the  relationship  between  crack  extension  force  and  stress  intensity  fac¬ 
tor  K  *>  (G  E)'/2  yields  the  expression  for  K: 


del 

ar 


1/2 


where  dc  is  the  derivation  of  the  compliance  function  and  E  is  Young's  modulus. 
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In  the  following  paragraphs  some  special  specimen  geometries  are  described  including 
the  results  of  K  -  calibrations. 


2. 3. 1.1  Center  cracked  and  double  or  single  edge  cracked  plate 


iuv  Sumatra  netnoa  or  Test  B  399-72  T  requires  a  minimum  thickness  of  6.4  mm.  For 
plane  strain  crack  toughness  testing  of  ultra  high  strength  metallic  materials  another 
type  of  specimen  -  the  plate  specimen  in  tension  -  with  rectaneular  cross  section  and 
through  thickness  cracks  has  been  developed  /57.  These  plates  have  rectangular  shapes 
and  are  center  cracked  or  double  or  single  edge  cracked;  they  are  pin  loaded  in  tension 
(fig.  8). 
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Fig.  ? t  Compliance  tent  results 


To  get  a  valid  Kt(,  value  the  same  also  requirements  apply  aa  for  the  A8TM  standard 
specimen  (see  paragraph  a.l.a.1).  Beoauae  of  the  high  loads  and  materials  requirements 
these  speolmena  are  not  used  muoh  except  for  ultra  high  strength  moteriala  and  the  de« 
termination  of  orach  extension  resistanoe  curves. 
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Fig.  8a j  Center  o rooked  plate 
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preferred  thickness  W/2  to  WA 


Fig,  8b i  Double  edge  oraoked  plate 


2.3.1.?  ClrQUinferenUnllv  crooked  round  bar  g? 


This  specimen  (fig.  9)  has  the  advantage  that  notches  of  a  particular  contour  may  be 
produced  to  close  tolerances  very  easily  by  cylindrical  grinding  or  lathe  turning. 
However  the  control  of  the  oraok  front  which  must  be  oonoontric  to  the  .load  axis  ia 
difficult.  Just  as  with  the  center  o rooked  plate  the  fracture  load  ia  very  high.  There¬ 
fore  the  cracked  round  bar  is  used  only  for  particular  applications,  i,  o.  investigation 
of  the  offset  of  cracks  at  the  base  of  sorew  threads  or  of  the  influence  of  notch  sharp¬ 
ness.  The  K  expression  obtained  is 

K '  '[ '-™  S-  ’•”] 

Test  results  obtained  from  Standard  ASTM  specimens  and  circumferentially  cracked  round 
bars  have  been  shown  by  some  researohers  to  be  very  similar  /T47. 


Fig.  9t  Circumferentially  cracked  round  bar 


2 . 3 . 1 . 3  The  C-shaped  specimen  /Tg/ 


This  specimen  type  is  very  useful  for  determining  the  fracture  toughness  of  thick  walled 
tubes  like  pressure  vessels  or  gun  tubes.  In  many  of  these  applications  wall  thickness 
and  curvature  of  the  tube  prevent  the  use  of  the  standard  ASTM  specimen. 


The  C-shaped  specimen  (fig.  10)  is  pin  loaded  in  tension  and  utilizes  the  available  ma¬ 
terial  most  efficiently. 
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Fig.  10:  "C"  -  shaped  fracture  toughness  specimen 


The  expression  for  K 


K  = 


ir  YT-.p  .. 

V  ,  f  1  X  .11 

*  6  ■  l  r,  -  r,  *  5  | 

'  yb 

was  obtained  by  a  compliance  test  combined  with  a  mathematical  model.  The  result  was 
checked  by  a  finite  element  calculation.  The  polynomial  funotions  Yx  and  Yb  are  Identi¬ 
cal  with  those  of  the  ASTM  bending  and  compact  tension  tests  and  can  be  taken  from  ASTM 
E  399-72  T  nj.  Also  fatigue  cracking  and  size  requirements  and  the  determination  of 
KIC  should  be  taken  from  E  399-72  T. 


Results  of  comparative  fracture  toughness  tests  using  C-shaped  specimens  and  the  ASTM 
standard  bend  specimens  made  of  4340  steel  agree  within  2  percent,  which  is  within  the 
experimental  error  /Tg7* 


2. 3. 1.4  Round  CT-specimen 


Most  of  the  fracture  toughness  specimens  have  a  rectangular  shape.  The  round  CT  spec¬ 
imen  can  be  easily  fabricated  from  round  semiproducts.  The  stress  geometry  of  this 
specimen  shape  (fig.  11)  is  similar  to  the  stress  geometry  of  the  proved  standard  com¬ 
pact  tension  specimen.  The  expression  for  K  from  a  K-calibration  is: 

P  If- '  II  E  •  B  do  ' 
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where  c  is  the  compliance. 


Tests  with  this  kind  of  specimen  geometry  have  been  done  for  a  high-strength  hot  work 
tool  steel  of  German  designation  90MnV8  and  the  aluminium  alloy  7075-T6  /JGJ.  The  ex¬ 
perimentally  determined  K  expression  is 

K  =  y.  IfT1 


with 

Y  =  29.6  -  162.36  (1/W)  +  492.6  (l/W)2  -  663.6  (l/W)3  +  405.55  (l/W)4 
valid  in  the  range  0.3  *  l/W  ^0.7. 


P 


Fig.  11:  Round  compact  tension  specimen 


2 . 3 . 1 . 5  The  double  cantilever  beam  specimen 


The  determination  of  plane  strain  fracture  toughness  data  on  low  strength  high  tough¬ 
ness  materials  using  the  specimens  described  before  e.  g.  notch  bend,  single  or  double 
edge  cracked  plate  etc.  requires  a  specimen  size  large  enough  to  provide  the  restraints 
for  plane  strain  conditions  to  be  satisfied.  For  these  materials  the  required  size  is 
unduly  large  for  primarily  two  reasons: 

-  limited  size  in  a  test  equipment  for  testing  environmental  effects  on  Kjr 

-  limited  source  of  specimen  material 


Because  of  certain  advantages  of  the  double  cantilever  beam  specimen  it  is  used  in  con¬ 
junction  with  fracture  mechanics  as  a  substitute  for  the  ASTM  Standard  specimen  under 
stringent  space  conditions.  A  typical  DCB  specimen  and  method  of  loading  is  shown  in 
(fig.  12a). 
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Fig.  12a:  Typical  double  cantilever  beam 
specimen  and  method  of  loading. 
The  saw  cut  10  facilitates  start¬ 
ing  the  crack 


As  the  name  implies  the  DCB  specimen  may  be  considered  as  a  pair  of  cantilever  beams 
which  are  fixed  to  an  elastic  base.  Considering  that  the  compliance  of  this  specimen 
depends  on  the  crack  length  1,  the  moment  of  inertia  I  of  the  specimen  arms  about  the 
axis  of  rotation  and  the  beam  depth  h,  the  relationship  between  the  applied  force  F 
and  the  total  deflection  y  of  both  arm  is 


yrg-0  (1) 

where  E  is  the  modulus  of  elasticity  and  0  is  a  function  of  crack  length  1,  moment  of 
Inertia  I  and  the  beam  depth  “/2 


0  =  y1  '  ln  (2) 


where  Ci  and  n  are  constants  and  depend  only  on  beam  depth;  they  are  calculated  from 
the  relationship  betweeh  0  and  1  which  is  determined  from  the  slope  of  the  load-extension 
line  y/p  from  recording  of  the  extensiometer  (fig.  12b)  and  from  the  measured  crack 
length. 

Thus  equation  (1)  can  be  written  as 


y 


(3) 


Irwin  and  Kies  /Ts7  have  shown  that  for  the  application  of  fracture  mechanics  in  ab¬ 
sence  of  a  mathematical  analysis  the  determination  of  the  strain  energy  release  rate  0 
for  a  specimen  may  be  accomplished  experimentally.  Using  equation  (1) 


G  = 


and  substituting  equation  (2)  and  (3) 


2 


n  +  1 


G  may  then  be  converted  to  the  plane  strain  fracture  toughness  KIC  by  the  well  known 
relationship 


1/2 

where  V  =  Poisson's 
Thus  KjC  is  then 

ratio . 
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Fig.  12b:  Typical  DCB  specimen  fracture 
behavior  at  constant  crosshead 
speed.  Each  vertical  segment 
represents  an  unstable  crack 
propagation  event. 


2.3.2  The  dynamic  tear  test 


The  dynamic  tear  test  is  designed  to  measure  the  energy  required  to  propagate  a  moving 
crack  under  conditions  of  the  characteristic  fracture  mode  of  the  metal.  A  major  re¬ 
quirement  of  the  test  is  the  simulation  of  a  sharp  natural  crack  for  the  Jnition  of 
fracture.  In  contrast  to  the  ASTM  standard  method  of  test  an  embrittled  electron  beam 
weld  is  introduced  into  the  bend  specimen  instead  of  a  chevron  notch  (fig.  13a).  When 
the  specimen  is  impact  loaded  the  embrittled  weld  is  fractured  and  provides  a  sharp 
crack  which  propagates  into  the  test  material. 


■§ 


Fig,  13a:  Dynamio  tear  test  specimen  for  testing  a 
2?  ous  thick  plate 


This  method  has  several  features  which  show  its  importance  as  an  engineering  fracture 
toughness  test  Ji 


For  many  aluminium,  steel  and  titanium  alloys  a  high  degree  of  correlation  between 
fraoture  toughness  KIC  and  DT-energy  was  found  /Tg/.  This  correlation  permits  the  use 


of  the  simple  and  less  expensive  DT  test  to  estimate  Kjq  values. 


Furthermore  plane  strain  fracture  mechanics  procedures  cannot  be  applied  to  metals 
in  which  crack  instability  occurs  concomitant  with  large  plastic  zones  (elastic 
-plastic  case).  Through  extrapolation  of  the  Kjq  -  DT  correlation  Kc  can  be  estimated 
even  when  the  metal  is  well  within  the  elastic-plastic  region. 


-  The  dynamic  tear  test  specimen  utilizes  the  full  thickness  of  the  plate  in  contrast 
to  the  ASTM  Standard  Method  specimen  where  the  chevron  notch  plus  crack  length  places 
the  zone  of  maximum  stress  intensity  at  the  center  of  the  plate.  The  DT  test  there¬ 
fore  integrates  any  variation  in  toughness  from  the  center  to  the  surface  of  the  plate. 


The  correlation  of  Kjg  and  DT-energy  is  also  influenced  by  the  strain  rate.  The  effec¬ 
tive  crack  toughness  of  many  metals,  sensitive  to  strain  rate,  decreases  to  a  lower 
limit  as  the  crack  velocity  increases .  The  impingement  of  a  high  velocity  crack  in 
the  DT-test  on  the  test  material  provides  a  measure  of  material  toughness  under  the 
most  severe  conditions  the  metal  may  experience  in  service.  Problems  of  this  kind 
may  be  present  in  gunbarrels. 


The  DT-test  is  an  example  of  a  test  which  requires  a  correlation  with  a  real  fracture 
mechanics  test  before  it  may  be  effectively  employed.  The  value  determined  by  the  DT 
-test  cannot  be  used  directly  to  calculate  the  strength  of  a  material  or  structure  in 
the  cracked  condition,  but  can  be  used  for  itself  only  for  comparative  purposes,  unless 
a  valid  correlation  between  DT-energy  and  KjC  is  known  as  in  (fig.  13b). 


Fig.  13b:  Correlation  of  K1C  with  DT  energy 


3.  Methods  for  determining  critical  stress  intensity  factor  Kc  under  plane  stress 

conditions  using  the  critical  craok  length  1^ 


In  some  structural  applications  the  thickness  requirements  of  the  ASTM  Standard  Method 
of  Test  (Paragraph  2. 1.2.1)  cannot  be  mat,  especially  if  thin  sheet  is  to  be  tested. 
Linear  elastic  fracture  mechanics  do  not  apply  and  therefore  the  oritioal  stress  inten¬ 
sity  factor  Kq  ia  hot  a  material  constant  but  depends  on  sheet  thiokness  /?07  (fig.  1*0. 
For  calculation  of  Kq  the  knowledge  of  the  critical  craok  length  and  the  Toad  at  frac¬ 
ture  is  neoessary  and  one  difficulty  is  to  determine  the  exaot  critical  craok  length. 


Two  methods  are  described  for  determining  this  oritioal  craok  length.  Both  utilize  rec¬ 
tangular  center  oracked  specimen  containing  a  fatigue  crack  produoed  by  previous  fa¬ 
tigue  craok  propagation  tests  and  loaded  in  tension  as  already  dosoribed  in  paragraph 


*■  - 
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2. 3. 1.1.  Unless  it  is  the  purpose  of  the  test  to  determine  the  effect  of  sheet 
width  on  Kc,  the  width  of  the  specimen  should  be  160  mm  and  the  length  about  400  mm; 
this  is  a  convenient  size  for  standard  test  machines  and  a  lot  of  comparable  data 
are  available  from  the  NLR  /2l7  and  the  IABG  /?2,  2J37  based  on  this  specimen  size. 


Fig.  14;  Critical  stress  intensities  for  several  materials  as  a 
function  of  thickness  (Data  from  IABG  and  others) 


3.1  Critical  crack  length  obtained  bv  filming  (fig.  13) 


Tests  have  shown  that  on  tension  loading  of  fatigue  center-oraok  specimen  slow  stable 
crack  propagation  ooours  if  the  load  exoeeds  a  oertain  value,  and  stops  age’n, if  the 
load  is  kept  constant.  Filming  this  craok  growth  at  the  tension  test,  the  critical 
crack  length  21c  can  be  obtained  from  the  last  frame  before  fraoture  (fig.  16) i  a  film 
speed  of  20  frames  per  seoond  usually  is  high  enough. 


then  should  be  calculated  using  Feddersen's  equation 


where  Fg  »  load  at  fraoture 

lc  =  half  craok  length  at  fraoture 
W  a  speoimen  width 
B  »  specimen  thickness 


Kc  has  been  found  to  be  approximately  constant  and  independent  of  craok  length  if  the 

f «  ?eed •  previously  used8 K„n  -value 


calculated  from  the  craok  length 
with  crack  length  below  about  2 
KC0  -values. 


*  ------  — *  V*  w*  wwn  SVtM  wit 
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Fig.  15:  Test  equipment  for  determining  Kr  of 
thin  fatigue-center-cracked  sheet 
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Fig.  1 6 :  Slow  stable  crack  propagation  during  tension  loading  of  fatigue 
center  crooked  thin  sheet 


3 . 2  Computing  and  critical  crack  length  21r  based  on  nonlinear  effects 


The  load  displacement  records  of  fatigue  center  cracked  thin  sheet  specimens  show  a 
larger  deviation  from  linear  elastic  behaviour  at  higher  tension  load  than  thick  spec¬ 
imens;  this  is  caused  by  plasticity  effects  at  the  crack  tip  and  a  larger  plastic  zone 
than  in  plane  strain  conditions. 


The  method  published  by  Liebowitz  and  Eftis  /?57  is  using  this  nonlinear  load  displace¬ 
ment  record.  This  record  is  approximated  by  an- analytical  function  v  =  f  (F)  considering 
the  linear  and  nonlinear  part.  This  relationship  between  tension  force  F  and  displace¬ 
ment  v  is  used  to  c-  lculate  the  total  energy  release  rate  7T,  consisting  of  the  elastic 
and  the  nonlinear  contribution.  Comparing  this  total  energy  release  to  Irwin's  elastic 
energy  release  rate  G  leads  to 


G  =  C  ■  G 


where  C  is  the  nonlinear  correction  factor  which  considers  plasticity.  The  corrected 
stress  intensity  factor  1SJ,  is  then 

-  Kc  •  JT 

This  method  is  also  practicable  for  materials  where  the  ratio  of  residual  static  strength 
to  yield  strength  6B.Fl/6b, 2  exceeds  0.8.  This  condition  is  not  met  by  tough  ma¬ 
terials.  Also  for  very  small  cracks  the  corrected  K^-values  are  too  high  according  to  the 
experience  of  the  authors.  As  pointed  out  in  paragraph  3.1  the  length  of  the  fatigue 
crack  should  exceed  2.5  (K^/Cq  a)  •  Considering  this  requirement  the  ^-values  obtained 
by  this  method  show  good  agreement  with  the  K, -values  computed  with  21„  taken  from  film, 
as  described  in  paragraph  3.1.  ° 


3.3  Computing  Kc  at  small  crack  lengths 


As  shown  in  paragraph  3.1  and  5.2  the  Kr  values  decrease  with  crack  length  smaller  than 
about  2.5  (K^ATq  2)2  If  Feddersen's  or  Irwin's  equation 


“c 


are  used. 


Deriving  Feddersen's  or  Irwin's  equation  it  is  assumed  that  the  distance  r  in  front  of 
the  crack  at  which  the  stress  is  measured.,  is  very  small  in  relation  to  the  half  crack 
length  1.  This  does  net  appear  to  be  a  valid  assumption  when  the  crack  is  small  and 
therefore  reduces  with  crack  length. 

Allen  /?67  has  shown  that  Kr  remains  essentially  constant  if  the  following  equation  is 
used  (rig.  17) 

*C  *  W-TB  f1  -  ( Iln(T/Vr)  (aW+  T/2'f )  )  }  (1) 

p  p 

If  r  /I  is  small  relative  to  unity  a  simplified  equation 


=  ^4^1  •  |  W  ■  tan  (  ■  )  +  1 


c.m  be  used  which  is  a  very  close  approximation  to  equation  (1). 


4.  Testing  fracture  toughness  of  weldments 


Techniques  for  measuring  fracture  toughness  of  weldments  are  not  different  from  those 
h-rtlr.g  her-  "tori-1  r  'TV-—  t"’"!”1*"  »r»  mo  Inly.  Tho  AKTM  Standard  Method 

using;  a  Dt?nu  aptruxuitrn  poc  ^01  051  o^u  «- •  •  /  ******  _ _  _ _ ,  _ 

But.  some  additional  aspects  for  fracture  toughness  testing  of  weldments  should  be 
noted  too: 

Kic  -values  of  weldments  are  affected  by  the  position  of  the  notch  (fig.  18).  In  general 
the  center  of  the  weld  has  the  lowest  KjC,  the  heat  affected  zone  HAZ  has  the  highest 
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and  the  base  material  is  falling  into  the  intermediate  position  /?7,  287 .  pie  limited 
size  of  the  heat  affected  zone  sometimes  presents  difficulties.  This  zone  is  usually 
not  perfectly  straight,  and  therefore  the  fatigue  crack  front  may  penetrate  a  portion 
of  the  weld  metal  and  fracture  may  initiate  in  it.  The  measured  Kic  value  is  then  char¬ 
acteristic  of  the  weld  metal  and  not  of  the  HAZ.  As  it  is  difficult  to  predict  just 
where  cracks  will  start  in  service  in  weldments,  specimens  with  fatigue  cracks  in  aip 
three  possible  locations  should  be  tested.  The  lowest  Kjc  value  then  obtained  should  be 
used  for  calculations. 


Fig.  17:  Variation  of  Kq  and  Kc  with  crack  length 


cw 


CW  a  Center  of  Weld 
HAZ  a  Heat  affected  Zone 
CM  »  Base  Material 


Fig.  IQ:  Cross  section  of  weld  area  stowing  different  locations 
of  starting  notoh 


Also  the  kind  of  welding  should  be  noted  (TIG,  MIG,  short  arc,  electron  beam,  plasma, 
narrow  gap  ©to»)  because  a  comparison  of  Kt£  iests  on  some  ateela  has  chown  that  TIG 
welds  hive  higher  Ktc  values  in  the  oenter^of  the  weld  than  MIG  and  short  arc  welds.  In 
the  heat  affeoted  zone,  however,  short  arc  welds  have  the  highest  Klc  values  {zyj . 

The  report  also  ahould  contain  the  welding  paramoterst  for  example  for  electron  beam 
welds  welding  velocity,  vacuum  and  voltage,  Last  but  not  least  the  size  of  the  welding 
beam  and  the  quality  of  welding  examined  by  metallurgical  procedures  should  be  noted. 


5. 


Environmental  effects  on  fracture  toughness 


The  requirements  of  the  ASTM  Standard  Method  of  Test  are  sufficient  only  for  tests  in 
air  and  under  various  temperatures.  For  fracture  toughness  tests  conducted  unde"  other 
environmental  conditions  additional  requirements  must  he  defined  in  order  to  obtain 
comparable  results  in  different  laboratories. 


5.1  Fracture  toughness  tests  at  high  or  low  temperatures 


For  heating  or  cooling  of  the  standard  ASTM  specimen  copper  plates  or  chambers  should  be 
used  which  are  in  contact  with  the  sides  of  the  specimen  (fig.  19).  Cooling  the  specimen 
is  possible  by  liquid  nitrogen  down  to  about  -  160°C,  where  the  liquid  nitrogen  partly 
evaporates  in  the  cooling  chambers.  The  temperature  in  the  chamber  depends  on  the  ratio 
of  liquid  and  gaseous  nitrogen;  this  ratio  can  be  controlled  by  the  flow  rate.  The  use 
of  liquid  baths  should  be  avoided  unless  it  is  established  that  the  liquid  has  absolutely 
no  effect  on  KtC  or  unless  it  is  the  purpose  of  the  test  to  explore  the  effect  of  the 
fluid  itself  on  Krr.  The  temperature  distribution  in  the  critical,  cracked  section  of  the 
specimen  should  be  calibrated  at  the  beginning  of  the  test  series  by  at  least  3  thermo¬ 
couples,  one  in  a  hole  near  the  crack  tip,  one  each  on  the  sides  of  the  specimen.  It  is 
the  experience  of  the  authors  that  the  equipment  described  above  will  give  a  quite  uni¬ 
form  temperature  distribution  (about  +  1.5°C)  over  the  critical  section  even  for  mate¬ 
rials  which  have  a  poor  thermal  conductivity  like  titanium. 
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Fig.  19;  Testing  equipment  for  KIC  testing  at  low  temperature 


For  the  tests  themselves  two  thermocouples  are  sufficient;  One  on  a  part  of  the  surface 
not  touched  by  the  oooling  chambers  and  one  in  a  bole  in  the  center  of  the  specimen. 
Fatigue  cracking  of  the  specimen  may  be  conducted  at  room  temperature.  However  the  maxi¬ 
mum  K  during  fatigue  loading,  Bax,  should  not  exceed 

0,6’(®0.2  f  2  '  , 2 , 1  ^  ‘  Kq  £7 

(®0  2  1  "  0,2  yi*W  strength  at  temperature  T,) 
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The  ASTM  standard  Method  of  To  fit  a  provldea  nc,  inforumUon  on  tihe  oempeanion  of  oom- 
siivo  media  and  duration  of  fracture  ceatsa  in  a  corrosive  medium,  Therefore  far  compari- 
a°n  of  Kic  values  obtained  from  different  oomtaicn  teats  the  exact  composition  of  the 
aalt  water  used  should  be  known  or  "synthetic  aea  water"  as  described  for  example  in  the 
German  standard  DIN  DO  900  should  be  used,  Moreover  it  is  urgently  necessary  to  control 
t,ho  pM-value  and  the  temperature  o,i  the  aalt  water  eontinoualy  during  the  test  and  Keep 
it  constant.  To  avoid  potential  volts#*  between  the  teat  specimen  in  sea  water  (fig,  30) 
and  the  teat  equipment,  the  teat  specimen  should  be  electrically  isolated  from  the  tes¬ 
ting  equipment .  This  oan  be  done  for  example  by  making  the  rollers  out  of  non  metallic 
materials  i.  e,  ceramic  or  granite  and  all  seawater  containers  of  plastic, 


Load  from  output  of  dynamometer 


non  metailio  roller 


Pig,  20:  Testing  equipment  for  Kjq  testing  under  corrosive  media 

Another  important  factor  is  the  time  under  load  spent  by  the  specimen  in  the  corrosive 
environment.  Using  the  requirement  of  the  ASTM  Standard  Method  of  Test  for  the  strain 
rate  Kq/t,  this  time  is  to  short  for  any  oorrosion  effeots. 

Two  types  of  tests  are  possible:  (1)  short  duration  (about  1  hour),  step  loaded  tests 
for  subcritical  crack  growth  under  sustained  loading,  that  is,  the  applied  load  is  held 
constant  for  a  certain  time  and  then  increased  stepwise  7?97. 

(2)  The  specimen  is  loaded  for  a  certain  time  at  some  fraotion  of  the  estimated  load  at 
faiiure  in  the  corrosive  environment.  After  this  time  it  is  broken,  Krr  is  determined 
and  it  is  examined  for  suboritioal  oraok  growth.  This  is  thought  to  be  a  better  approx- 
imation  to  loading  in  service  /50/  at  least  for  the  lower  wing  surfaoo  of  airorafx. 


5.2.2  Hoi,  gas  corrosion 


** 


Just  aa  for  aalt  water  there  la  no  standard  in  composition  of  "synthetic  corrosive 
gases".  While  a  more  or  less  standardized  equipment  la  used  for  hot  corrosion  testa  /3l/, 
the  fuel  burned  in  these  test  rlg3  greatly  influences  the  results.  The  corresponding 
teat  parameters,  such  as  temperature,  sulphur  content  of  fuel,  fuel-alr-ratlo  etc. 
therefore  have  to  be  noted  carefully  in  order  to  enable  valid  comparisons  to  be  made. 

In  tests  conducted  at  Motoren-  und  Turbinen-Union  (MTU),  Munich,  the  specimens  have  been 
placed  into  the  hot  gas  stream  of  a  jet  engine  and  the  fatigue  crack  developed.  After¬ 
wards  the  specimens  are  broken  in  the  hot  gas  stream.  Because  of  the  high  temperatures 
involved  no  displacement  gage  was  used  up  to  now.  For  calculating  Kq  and  Kjc  the  maximum 

load  P_„„  is  used, 
max 


5.2.3  Embrittlement  due  to  temperature  cycling 


Most  gas  turbine  materials  which  undergo  start-stop  operations  in  service  tend  to  embrit¬ 
tle  due  to  the  corresponding  temperature  variatlors.  in  order  to  be  meaningful,  fracture 
toughness  tests  ought  to  be  carried  out  on  suitably  embrittled  specimens. 


6.  Effect  of  strain  rate  on  values 


For  calculating  the  residual  strength  and  critical  crack  length  in  some  special  applica¬ 
tions  (gun  tubes  for  example)  the  conventional  ASTM  Standard  Method  of  Test  which  invol¬ 
ves  static  teste  for  determining  K jr  1*  not  entirely  satisfactory.  Because  of  the  high 
strain  rates  occurlng  at  the  discharge  of  the  guns  the  crack  toughness  behaviour  of  steels 
may  be  different  from  that  at  normal  rates.  The  instrumented  Impact  test  on  precracked 
Charpy  V-Notched  or  bend  specimens  provides  an  inexpensive  but  also  inaccurate  procedure 
for  determining  dynamic  fracture  toughness.  In  fig.  21  gage  No.  1  was  used  as  a  crack 
detector  to  determine  the  time  of  crack  initiation.  The  nomiral  elastic  strain  at  gage 
No.  2  was  experimentally  recorded  as  the  crack  Initiated.  This  strain  was  then  used  to 
calculate  the  corresponding  nominal  elastic  stress  at  the  point  where  the  gage  is  situ¬ 
ated.  Using  the  elementary  atrength-of-materials  formula  S  -  Mc/I  =  g  Kax  •  E,  the  moment 
and  corresponding  equivalent  static  load  necessary  to  give  this  stress  was  calculated. 

With  this  equivalent  static  load  which  occured  at  the  time  of  crack  inltlon,  the  dynamic 
KjC  value  can  be  calculated  for  the  test  condition  from 


K 


Z 


Y 


m  •  YT 


For  the  strain  rates  and  steels  tested  by  some  investigators  fZ 2 ,  3^7  the  dynamic  Ktc 
value  decreased  with  increasing  strain  rate  at  a  constant  temperature,  see  (fig.  22). 
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Fig.  22:  Variation  of  KJC  with  Increasing  strain  rate 


To  the  writers'  knowledge  a  normal  ASTM  Standard  teat  at  the  high  strain  rates  Involved 
(1.  e.  about  5  msec  from  zero  to  maximum  load)  has  not  yet  been  carried  out  but  this 
teat  method  is  to  be  prefered.  Such  tests  which  should  be  possible  using  fast  servohy- 
draulic  cylinders,  are  planned  at  the  IABG. 


7.  Closing  remarks 


Two  ASTM  Standard  Methods  of  Tests  for  determining  fracture  toughness  and  a  series  of 
nonstandard  tests  for  special  applications  have  been  described  and  advantages  and  dis¬ 
advantages  nave  bee.>  discussed.  But  using  these  methods  .md  even  the  ASTM  Standard 
Methods  It  must  be  realized  that  a  Kjc  or  a  Kc  value  is  a  material  property  and  as  such 
subjected  to  considerable  scatter.  This  may  be  caused  by  material  effects  or  different 
test  equipments  suth  as: 

-  test  scatter  caused  by  material  lnhomogenelty.  Determination  of  the  average  of  Kjc 
and  the  limits  are  discussed  In  paragraph  2.1.3. 

-  scatter  among  valid  Krg  values  obtained  from  tests  conducted  at  different  laborato¬ 

ries  on  the  same  material.  This  scatter  may  be  caused  by  using  different  test  equip¬ 
ment  or  methods  «.  g.  by  test  machine  response  £$2/. 

-  scatter  due  to  different  heat  treatments  of  nominally  identical  material.  Especially 

for  titanium  and  high  strength  steels  (D  6  A  C)  large  differences  in  Kjc  have  been 
reported  £> although  the  static  strength  F.  and  Ftv  have  been  within  specifica¬ 
tions.  tu 

-  scatter  due  to  product  form, for  example  different  semiproducts  as  sheet  material, 
plates,  handforglngs,  dleforglngs,  extrusions  a.s.o.  Grain  direction  may  have  a  large 
influence. 

-  scatter  among  KIC  values  obtained  from  specimens  which  are  taken  from  different  posi¬ 
tions  within  a  thick  plate  or  a  large  forging.  For  the  titanium  allov  Tl6A16V2Sn  the 
differences  in  KjC  values  are  shown  in  (fig.  23).  £>£ • 

Considering  all  these  points  mentioned  above  for  critical  aerospace  applications  the 
specimen  for  determining  Kjc  should  be  taken  out  of  the  component  itself. 


For  rough  calculations  values  of  nominally  identical  materials  tested  by  the  ASTM 
Standard  Method  of  Test  may  be  used,  for  these  values  are  obtained  on  the  same  basis. 
This  may  be  of  help  in  the  design  stage.  In  the  near  future  it  should  be  a  requirement 
to  the  materials  manufacturer  that  he  guarantees  the  Kjc  value  Just,  as  at  present  Ftu 
and  Fty  and  show  proof  of  compliance  by  including  it  in  the  materials  sheet. 
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VII. A.  RELIABILITY  OF  THE  DETECTION  OF  FLAWS  AND  OF  THE  DETERMINATION 

OF  FLAW  SIZE 


Ekkart  Knorr 


SUMMARY 

Three  laboratory  investigations  concerning  reliability  of  crack  detection  and 
determination  of  crack  size  which  represent  the  state  of  the  art  to  the  authors 
knowledge  are  shortly  described.  All  three  are  typical  applications  of  nondestructive 
inspection  to  structural  parts  of  aircraft: 

-  inspection  of  flat  surfaces  with  fatigue  cracks,  using  ultrasonic,  X-ray,  dye 
penetrant,  magnetic  particle  and  eddy  current  methods 

-  crack  detection  below  rivet  heads  with  an  ultrasonic  shear  wave  technique  and 

-  crack  detection  in  bore  holes  of  a  forged  part  using  a  manual  eddy  current  method; 

the  second  and  the  third  one  with  statistical  evaluation  of  probability  of  success. 

An  evaluation  of  the  conventional  NDI-methods  regarding  reliability  is  performed. 


1.  PROBLEM 

Not  only  availability  of  any  nondestructive  testing  method  for  flaw  detection  in 
structural  parts  with  known  flaw  critical  points,  but  also  reliability  of  detection  of 
flaws  above  a  certain  length  or  of  flaw  size  measurement,  are  essential  conditions 
for  every  statement  about  fixation  of  intervals  of  Inspection  or  in  general  about 
flight  safety  when  flying  with  (always  existent)  flaws. 

Although  the  hitherto  known  nondestructive-inspection  (NDI-)  methods  in  their  prin¬ 
ciples  are  elaborated  very  exactly  and  some  thousands  of  different  applications  are 
described  in  the  literature,  there  exist  only  a  few  systematic  experimental  investi¬ 
gations  about  reliability  of  flaw  detection  and  determination  of  flaw  size  for  the 
practice  of  maintenance  of  aircraft  (reliability  in  manufacturing  NDI-methods  is 
excluded  here). 

All  known  NDI-methods  for  detecting  and  measuring  flaws  have  their  limits  from  their 
basic  physics,  from  mechanical  arrangements,  from  apparatus,  from  type  of  tested 
materials,  from  accessibility  to  the  point  where  crack  is  starting  or  moving  and 
these  limits  are  combined  with  human  limitations  of  the  testing  personnel  as  interest, 
experience,  fitness  and  Intellect;  consequently,  the  success  of  any  NDT  cannot  be 
100  i.e.  not  all  flaws  are  detected  or  too  many  "flaws"  are  indicated  which  do 
not  exist.  In  the  first  case  results  a  technical  risk,  in  the  second  one  it  may  be 
uneconomical. 

General  tendency  in  ND1  goes  to  full  or  partly  automatically  working  testing  apparatus 
to  eliminate  the  human  factor  and/or  to  accelerate  work.  But  in  aircraft  maintenance 
quantity  of  test  piece  series  usually  is  not  as  large,  that  automatic  inspection 
apparatus  is  profitable;  on  the  other  hand  inspection  problems  vary  quickly, and  well 
experienced  inspection  personnel  are  a  more  adaptable  element  of  NDI-test  unity 
than  specialised  apparatus. 

To  get  information  about  reliability  of  inspection  for  flaws  in  aircraft  structures, 
reliability  defined  here  as  experimentally  found  and  statistically  proven  probability 
of  detection  of  flaws  or  determination  of  flaw  size,  it  is  absolute  precondition  to 
know  the  real  status  of  flaw  existence  or  flaw  dimensions.  No  one  of  the  nondestruc¬ 
tive  methods  until  today  is  able  to  give  this  actual  status  of  flaw.  Therefore  only 
destructive  methods  "combined  with  optical  evaluation  give  the  reference-basis  to  get 
the  status  of  flaws;  in  moat  cases  by  breaking  up  the  flaw  of  the  damaged  part  to 
determine  crack  area  and  its  length  at  surfaces  by  aid  of  a  microscope  (if  posoibie 
electron  beam  microscope),  sometime*  by  preparing  the  surface  of  the  part  around  the 


crack  tip  mechanical  and/or  chemical  and  following  optical  measurement  of  crack 
length,  ("Optical"  is  a  limitation  too,  but  the  least.) 

Destruction  of  all  or  of  a  representative  cross  section  of  all  parts  in  service  in 
practical  applications  e.g.  is  nonsense  only  to  get  information  about  reliability  of 
inspection  methods;  consequently  reliability  investigations  are  usually  only  possible 
performing  practice-oriented  laboratory  tests. 

Extrapolation  to  maintenance  of  structures  in  the  field  is  possible  but  should  be  done 
critically, regarding  the  influence  of  the  differences  in  test  conditions  such  as 
accessibility,  temperature,  working  overhead  and  others.  (The  extrapolation  generally 
is  done  based  on  experience  from  similar  cases,  i.e.  emotional;  recently  we  try  to  get 
factors  for  these  influences.) 

From  principle,  these  remarks  are  valid  for  all  types  of  flaws,  p.e.  fatigue  cracks* 
stress  corrosion  cracks,  inclusions,  tool  marks,  o.a.;  but  it  is  known  that  type  of 
flaw  influences  the  precision  of  some  NDI-methods.  Therefore,  when  using  results  of 
literature  their  specific  preconditions  have  to  be  regarded. 

2.  DESCRIPTION  OF  INVESTIGATIONS 

Following  three  laboratory  investigations  about  reliability  of  detection  of  flaws  and 
of  determination  of  flaw  size  are  described  briefly:  Inspection  of  flat  surfaces, 
below  rivet  heads  and  in  bore  holes. 

2.1  Definition  of  fatigue  cracks  through  nondestructive  testing 
(Inspection  of  flat  surfaces) 

In  1968  Packman,  Pearson,  Owens  and  Young  presented  results  of  a  systematical  experi¬ 
mental  investigation  about  reliability  of  nondestructive  inspection  with  special  view 
to  fracture  mechanics  flj .  The  ability  for  crack  detection,  location  and  crack 
-measurement  of  X-ray,  ultrasonic-,  penetrant-,  eddy  current-  and  magnetic  particle 
techniques  was  tested  in  laboratory;  surface  fatigue  cracks  were  originated  in 
3"  diameter  and  1/4"  thick  tubes  of  4330  steel  and  7079-T6511  aluminium  material  in  a 
constant  amplitude  fatigue  test. 

The  results  for  sensitivity  (percentage  of  cracks  found  in  dependence  of  crack  length 
at  the  surface),  accuracy  (of  the  crack  length)  and  assurance  index  (a  combination  of 
factors  as  accuracy,  sensitivity* precision)  are  repeated  in  fig.  1-6,  They  are  based 
on  optical  measurement  of  crack  length  after  destruction  of  the  tested  part.  The 
typical  crack  area  was  a  thumbnail  form,  which  is  important  to  know  for  che  valuation 
of  the  different  nondestructive  methods,  fo,r  they  all  depend  fromiarea  of  the  crack 
(ultrasonic),  area  and  width  (volume  of  the  penetrating  oil,  X-ray)  or  the  course  of 
the  crack  below  the  surface  near  the  crack  tip  (penetration  depth  of  eddy  current, 
magnetic  particle  inspection).  For  their  special  case  the  authors  give  a  sequence  of 
sensibility  of  the  chosen  methods  for  both  materials  for  two  ranges  of  length;  from 
zero  to  0.15  or  0.2  inches  and  from  0,2  to  0,5  inches. 

For  aluminium  cylinders  the  sequence  was  for  less  then  0.2"  crack  length;  ultrasonics, 
penetrant.  X-ray,  for  lengths  0,2"  to  0.5";  penetrant,  ultrasonics,  X-ray.  For  steel 
tubes  and  crack  lengths  less  then  0,15";  ultrasonics,  magnetic  particle,  penetrant  and 
X-ray,  for  lengths  between  0.15"  to  0,5";  ultrasonics  and  magnetic  particle  method 
changed  their  position.  For  eddy  current  no  curves  are  given,  but  it  is  valued  less 
sensitive  than  ultrasonics  for  cracks  lengths  between  0.2"  and  0.5". 

General  conclusion  is  that  reliability  of  NOT  needs  to  be  improved,  for  the  maximum 
assurance  index  obtained  was  90  %, 


accuracy  of  crack  length  2  sensitivity 


g.l:  Sensitivity  of  NDT-methods  in  detecting  surface 
fatigue  cracks  in  7075-76511  aluminium  flj 


Fig#  2 i  Accuracy  of  crack  length,  indication  by  NOT  in 
7075-T6511  aluminium  [\J 


assurance  index 


Fig.  5»  Accuracy  of  crack  length,  indication  by  NDT  in  4330  V  modified 
jteal  heat  treated  to  220  to  240  ksi  ultimate  strength  A7 


Pig,  6 i  Assurance  index  of  NDT  measurements  in  4220  V  modified  steel 
heat  treated  to  220  to  240  ksi  ultimate  strength  A7 


2.2 


Eddy  currant  testing  of  bolt  holes 


In  1970  IABC  developed  t>  manual  Inspection  method  for  a  special  bolt  hole  of  the  lower 
side  of  a  wlng-to-fuaelage-f lttlng  of  an  aircraft  In  service  (see  fig.  7).  the  fitting 
forged  of  high  strength  material  and  mar 'In  of  safety  zero.  Inspection  had  to  be  done 
at  the  airport  without  dismantling,  except  taking  out  the  screw  bolt  Itself,  l.e. 
fitting  was  covered  from  wing  skin.  The  testing  personnel  had  to  work  over  head.  The 
bolt  hole  had  a  depth  of  1  inch  and  a  diameter  of  5/16  inch,  but  method  can  be  applied 
to  nearly  all  hole  diameters. 


Fig.  7s  Wing-to- fuselage-fitting 
of  an  aircraft  with 
critical  bolt  holes 


Testing  method  wes  optimized  with  view  to 
•  detection  of  cracks  as  soon  as  possible 

-  the  available  testing  device  and  the  present  testing  personnel 

-  a  tolerable  time  for  inspection. 

The  principle  of  the  method  was  to  drive  around  at  three  different  depths  of  the  hole, 
so  that  the  eddy  current  Influenced  areas  were  overlapping.  If  any  crack  was  detected 
its  length  was  measured  In  a  second  step  by  eddy  current  anti  controlled  by  optics 
using  endoscopes. 

To  get  a  valid  statement  for  the  probability  of  success  of  these  manual  Inspections  and 
to  stake  a  certain  training,  everyone  of  those  9  Inspectors,  who  had  to  Inspect  the  * 
aircraft  later  on,  had  to  test  independent  of  the  others  about  200  bolt  holes  of 
fittings  fatigued  In  laboratory  tests,  80  of  the  holes  having  fatigue  cracks  of  diffe¬ 
rent  lengths  (see  fig.  8).  It  has  to  be  mentioned  that  testing  conditions  were  better 
in  laboratory:  normal  temperature,  no  working  overhead,  sitting  while  working,  no  skin 
above  the  fitting  plane.  This  Is  Important,  If  extrapolations  of  the  results  are  made 
to  inspections  In  the  field. 


-  V  * 


1  fiapfe  V 

t. 

Ti  :  •  < 


Fig.  8:  Examples  of  fatigue  cracks 
in  5/16"  diameter  bore 
holes  of  fittings 


The  results  are  shown  In  figures  9  -  13,  They  are  based  on  the  effective  crack  areas 
determined  optically  (by  microscope)  after  breaking  up  most  of  these  bolt  holes  when 
nondestructive  inspection  was  finished.  Fig.  9  shows  that  in  most  cases  crack  area 
range  was  determined  correct,  with  a  light  tendency  to  underestimate  crack  size.  Only 
2  %  of  the  holes  were  designated  as  cracked,  which  really  had  no  cracks.  And  these  2  % 
always  were  near  minimal  detectable  crack  length  or  were  confused  with  existent 
scratches. 


Fig.  9:  Percentage  of  cracks  found 

by  9  inspectors.  The  central 
bar  gives  the  percentage  of 
correct  determined  crack 
sizes,  on  the  left  hand 
cracks  valued  to  small  for 
one  respectively  more  than 
one  classes,  on  the  right 
side  cracks  valued  to  large. 


The  percentage  of  cracks  found  in  dependence  of  crack  area  (in  classes)  is  given  in 
fig.  10  for  each  one  of  the  teeters.  This  figure  not  only  allows  a  first  estimation  of 
reliable  found  crack  area,  but  gives  very  much  information  about  the  qualification  of 
the  testing  personnel t or  consequently,  which  one  needs  more  training  or  is  eliminated 
from  further  inspection. 


Fig.  10« 

Sensitivity  of  eddy 
current  method  in 
detecting  fatigue 
cracks  in  bore  holes 
of  7075-T6  all  minium 
found  independent  by 
9  testing  persons. 
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For  further  evaluation  it  la  presupposed  (and  ha*  been  controlled),  that  theae  9  ln- 
apectora  define  a  normal  distributed  totality.  Fig.  11  shows  the  naan  probability  of 
crack  detection  in  dependence  of  the  percentage  of  found  cracka  for  the  chosen  claaaea 
of  crack  area*.  For  example,  If  It  la  requeated  to  detect  90  X  of  the  cracka  with  areaa 
*0.3  mm2,  only  for  5.3  X  this  raqueat  la  aatlafied. 


Fig.  11:  Mean  probability  of  crack 

detection  uaing  manual  eddy 
current  method,  dependent 
from  crack  areaa 


Not  only  mean  values  are  of  interest,  but  too  the  scatter  factor.  In  fig.  12  (a-c)  the 
95  X  area  of  confidence  la  shown  for  different  claaaea  of  crack  areaa,  1.  e.  95  X  of 
all  real  cases  of  crack  detection  are  between  theae  limits. 


Fig.  12:  Mean  probability  and  zone  of  confidence  for  different  classes  of  crack  areas, 
found  by  eddy  current 

a)  all  cracka  up  to  0.3  mm?  b)  crack  areaa  0.3  and  0.5  mm^ 
c)  crack  areaa  0.5  -  1  mm^ 
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It  if  of  more  practical  Interest  to  know  tha  probability  of  crack  detection  for  crack* 
above  a  minimum  also.  Thla  la  given  in  fig.  13  (a-c)  for  at  all  detectable  cracks  and 
for  cracks  above  0.3  and  0.5  tun?  minimum  site.  Fig.  13c  demonstrates  Increase  of 
reliability*  if  only  the  6  best  Inspectors  perform  this  inspection)  or  from  another 
polne  of  views  with  equal  total  cost*  only  with  }0  X  more  available  time  for  these 
6  best  inspectors  this  Inspection  was  done  either  with  more  probability  of  success 
or  -  with  equal  probability  -  the  certain  detectable  area  of  crack  is  less. 

This  leads  to  tha  consequence  known  from  experience  that  an  urgent  action  (1.  e.  lack 
of  time )  has  less  reliability. 


fl«.  13*  a  •  ci  Mean  probability  and  sone  of  confidence  for  cracks  above  a  given 
edniaua  aka  in  bolt  holes,  using  eddy  current  testing. 

The  dotted  lines  in  13  c  show  improvement ,  if  only  tha  bast  6  of 
tha  tested  9  inspectors  would  carry  out  this  Inspection. 

Later  on,  to  have  an  inspection  document  and  to  eliminate  a*  far  as  possible  tha  human 
factor  in  this  inspection,  we  developed  an  automatically  working  eddy  current  sensor, 
driven  by  a  motor  .which  helically  scans  the  complete  well  of  tha  hole.  When  moving  forward 
(into  tha  hole),  tha  profile  of  crack(s)  is  automatically  written  on  a  card  of  about 

7.3  x  4.7  inches;  when  r«tumlng helically  it  writes  the  angular  direction  of  the  crack(s). 
With  this  device  similar  but  shortened  tests  have  been  done  at  soma  fittings,  with  about 
30  fatigue  cracks,  but  from  only  one  inspector. 

2.3  Ultrasonic  testing  below  heads  of  rivets  in  sheet  material  (carousel  method) 

Fatigue  cracks  often  initiate  below  heads  of  rivets  or  of  Yo-bolts.  For  a  special  case 
where  cracks  originated  below  heads  of  countersunk  rivets  at  the  points  shown  in  fig.  14 
in  a  0.23"  thick  wing  skin  of  high  strength  aluminium  material  (7075-T6),  we  worked  out 
an  optimal  ultrasonic  inspection  method.  The  principle  is  that  the  maximum  intensity  of 
an  ultrasonic  beam  (impulse  reflection  by  transverse  waves)  is  directed  to  a  point  bet* 
ween  the  crack-critical  areas  below  the  head  and  sioved  concentrically  around  the  rivet 
center.  Spacing  of  tha  beam  assures,  that  all  4  critical  areas  are  enveloped  (see  fig.  14 
To  control  the  practical  efficiency  or  say  tha  probability  of  success  for  given  personnel 
apparatus  methodical  and  environmental  conditions  (testing  in  field  without  removing 
of  any  rivet,  working  over  head),  we  performed  laboratory  tests. 

In  test  bars  of  7075-T6  sheet  material  0.25"  thick  with  altogether  600  countersunk  holes 
of  3/16"  diameter  we  generated  about  300  fatigue  cracks  of  different  crack  area*  'for 
ultrasonic  shear  wave  reflection  not  crack  lengths  but  crack  area  and  its  microstructure 
is  decisive).  Everyone  of  the  same  7  inspectors,  who  later  on  had  to  do  the  inspection 
of  tha  aircraft,  with  3  ultrasonic  devices  (type  RzautkrMmer,  USIP  11  and  USIP  1CW), 
equal  ultrasonic  probes  (4  Mis)  and  different  mounting  supports  (for  the  circular  move- 


Fig.  14 t  Crack-crltlcal  points  In  shoot 
mstorlol  with  holos  (abovo)  and 
principle  of  ultrasonic  tost 
not hod.  Dlvorgonco  of  sonic  beam 
caros  for  datactlng  of  cracks  In 
all  critical  points  In  only  ono 
tost 


Tho  results  shown  In  tho  next  figure  aro  based  on  optical  microscopic  moasuromont  of 
crack  areas  after  breaking  up  the  holes.  Fig.  IS  gives  some  Information  about  the 
connection  between  real  cracks  not  found  and  faults  Identified.  (These  are 
either  cracks  below  the  given  limit (Scratches  or  misinterpretation  of  "grass".)  In  this 
arrangement  of  the  testing  persons  in  fig.  15  the  generally  known  tendency  Is  con¬ 
firmed  that  the  higher  the  percentage  of  real  cracks  Identified  by  a  specific  Inspector 
when  number  of  inspection  points  is  given,  the  higher  Is  the  percentage  of  In* 
dlcated  flaws.  Or  more  practical,  an  Inspector  too  cautious  Is  very  expensive  before  he 
causes  elimination  of  Intact  structural  parts j  the  same  effect  results,  If  the  fracture 
stechanist  prescribes  cracks,  to  bo  found  by  Nt>I,  too  close  to  the  minimum  detectable 
crack  slse. 


Fig.  ISt  Connection  from  mis¬ 
interpretations  in 
total  with  not  found 
real  cracks  for 
7  tasting  persons 


Fig.  16  shows  the  sensitivity  of  this  ultrasonic  method,  comparing  the  reeults  of  the 
seven  tested  inspectors  with  those  of  more  experienced  laboratory  personal.  The  influence 
of  experience  is  obvious. 

Crack  length  normally  is  the  reference  quantity  for  fracture  mechanics  calculations,  but 
ultrasonic  indication  depends  from  area  of  crack.  The  connection  between  crack  length 
and  crack  area  for  the  tested  special  geometry  Is  given  in  fig.  17. 
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The  width  of  the  scatter  band  is  caused  -  beside  the  human  factor,  little  errors  in 
calibrations  and  little  differences  of  the  probes  -  essentially  by  the  dependence  of 
form  of  the  crack  area  from  the  point,  where  the  crack  has  started.  Data  -  points  near 
the  upper  limit  of  the  scatter  band  belong  to  cracks  originated  at  the  edge  between 
the  cylindrical  and  the  conical  part  of  the  countersunk  -  hole,  data  points  near  the 
lower  limit  from  cracks  which  started  at  the  edge  from  cylindrical  hole  and  plane  sur¬ 
face  to  the  sheet.  In  total  is  obvious  that  definition  of  crack  length  for  short  cracks 
by  ultrasonic  inspection  is  uncertain  and  for  computing  purposes  not  well  suitable,  but 
for  crack  detection  it  is  better  than  any  other  method  we  know. 

Fig.  18  (a-c)  shows  the  mean  probability  of  success  for  detection  of  cracks  and  it's 
95  %  range  of  confidence  for  different  classes  of  crack  areas. 
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Fig.  18,  a-cs  Probability  and  zones  of  confidence  for  different  classes  of  crack 

areas,  using  ultrasonic  carousel  method  in  aluminium  sheet  material 

In  analogy  fig.  19  (a-c)  shows  the  probabilities  of  success,  with  which  cracksabove  a 
prescribed  size  are  detected. 
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19.  a-ct  Probability  and  zones  of  confidence  for  ultrasonic  carousel  method,  if 
cracksabove  a  prescribed  crack  area  have  to  be  found.  Shaded  areas 
show  the  distribution  of  the  different  crack  sizes  in  test,  dotted 
lines  refer  co  a  uniform  distribution  of  crack  areas. 


These  probabilities  are  valid  only  for  the  accidental  distribution  of  crack  size  in  our 
laboratory  tests..  For  extrapolation  to  crack  detection  in  the  field  the  distribution  of 
crack  sizes  in  field  should  be  known,  but  they  are  not.  Nevertheless  to  give  a  compari¬ 
son  the  dotted  lines  in  fig  19  (a-r.)  show  the  reliabilities  and  their  zone  of  (95  %) 
confidence  for  a  uniform  distribution  of  crack  sizes  to  any  class  of  crack  area  (see 
fig.  20). 
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class  of  crack  area 


Fig.  20:  Accidental  distribution  of  crack 
sizes  in  our  laboratory  test; 
dotted  line  indicates  equal  number 
of  cracks  in  any  class  of  crack 
area. 


Finally  it  can  be  expected,  that  improvements  are  possible  in  detectability 
(not  measurement  of  length)  using  focused  ultrasonic  beam. 

3.  GENERAL  VALUATION  OF  NDI-METHODS  WITH  RESPECT  TO  RELIABILITY 


Remarks  to  above  described  investigations 


The  three  investigations  described  abov*  give  some  Indication  for  three  typical 
applications  in  aircraft  structures:  NDI  in  free  accessible  flat  surfaces,  below  rivet 
heads  and  in  bolt  holes  of  solid  parts  (p.e.  forgings).  They  are  the  single  systematic 
investigations  concerning  reliability  of  practical  crack  detection  and  measurement  of 
crack  size  known  to  the  author. 

They  show: 

,1  The  men  of  practice  of  NDI  estimated  rates  of  reliability  too  high  until  now,  relia¬ 
bility  of  crack  detection  is  until  today  poor  and  insufficient, 

.2  By  application  of  more  specialized  methods  higher  rates  of  reliability  are  reachable, 
or  respectively  smaller  cracks  can  be  found  and  determined  reliable. 

.3  If  possible  from  technique  and  economy  nondestructive  testing  methods  should  be 
fully  automatized  to  reduce  the  human  factor. 

;4  For  every  specific  application  optimization  of  testing  method  is  necessary  which 
includes:  comparative  qualification  test  of  all  known  NDI-methods,  elaboration  of 
the  most  suitable  one,  control  of  efficiency  using  equivalent  parts  with  equivalent 
cracks,  investigation  of  reliabilty  in  laboratory  or  -  at  least  >  estimation  of 
reliability  using  own  experience  and  literature. 

.5  It  would  be  useful,  to  analyse  the  statistical  distribution  of  crack  sizes  after 
performing  inspections  in  the  field,  to  get  in  hand  the  factors  of  extrapolation 
from  reliability  -  investigations  in  laboratory  and  affective  reliability  in  the 
field. 

.6  Location  of  cracks  in  accessible  surfaces  is  sufficient,  in  unaccessible  regions 
(cracks  found  by  ultrasonics  or  X-ray)  improvements  are  needed. 

,7  Reliable  detection  of  tiny  flaws  requires  a  lot  of  further  developments  not  only  of 
testing  devices,  but  primarly  of  techniques  of  application.  There  is  a  vast  field, 

.8  Determination  of  exact  flaw  size  using  NDI  is  not  possible;  crack  lengths  often  are 
indicated  too  short.  The  ultrasonic  method  which  is  crack  area  Indicating  shows 
great  uncertainties  in  determination  of  crack  size. 


3.2  Sequence  of  NDI-methods  regarding  reliability  for  typical  applications  in  air- 
craft  structures 

3.2.1  Preface 

Generally  distinction  has  to  be  made  for: 

.1  Testing  problem:  •  detection  of  cracks  in  large  areas  when  crack  starting  point  is 

unknown 

-  detection  of  cracks  when  critical  area  is  known 

-  measurement  of  crack  length 

-  determination  of  crack  area 
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.2  Shape  of  tested  -  flat 

areas  -  moderately  curved  (positive  or  negative) 

-  extremely  curved  (radius,  positive  or  negative) 

.3  accessibility:  -  flaw  in  the  external  side  of  a  good  accessible  surface 

-  flaw  at  the  inner  surface  of  a  part  accessible  from  outside 

-  flaw  in  a  part  covered  from  all  sides 

.4  materials  -  metallic,  magnetizable  (p.  e.  steels) 

-  metallic,  not  magnetizable  (p.  e.  aluminium  alloys) 

-  non  metallic  (homogeneous,  not  homogeneous) 

.5  methods  (classification  to  what  is  indicated): 

.5.1  crack  area  is  indicated  from: 

-  ultrasonics  (longitudinal  and  transversal  waves) 

-  eddy  current  (for  crack  depth  only  between  0.05  mm  and  1  mm) 

-  X-ray  (inaccurate,  but  for  all  crack  areas  above  ca.  50  mm2) 

-  holographies (anomalies  of  deformation) 

.5.2  crack  length  primarily  is  indicated  by: 

-  optics  (magnifying  lenses,  microscopes,  endoscopes) 

-  eddy  current  (very  sensitive,  but  depends  from  shape  of  crack 
area  directly  below  the  surface) 

-  penetrant 

-  magnetic  particle  (limited  to  magnetizable  materials) 

-  crack  wires  (automatic  acting,  the  most  reliable  method  we 
know,  critical  region  has  to  be  known  before,  limited  by 
accessibility  for  installation  of  the  wires). 


3.2.2  Flaw  detection  in  sheet  material 

(including  results  of  pos.  2  and  IABG-experience;  numerical  data  estimated) 


3. 2. 2.1  Flaw  detection  in  large  areas,  critical  points  unknown,  flat  or  moderately 
curved,  with  a  lot  of  potential  crack  points,  metallic  sheet  material  and 

free  accessibility  leads  to  the  following  sequence  of  reliability 

-  if  crack  direction  is  unknowns  dye  penetrant  (ultraviolet  light,  sure  detectable 
crack  length  >6  mm),  optics  (crack  length  s*  10  mm),  X-ray  (crack  length >•  13  mm) 

-  if  crack  direction  is  known:  ultrasonics  (Rayleigh  waves,  crack  lengths  5  mm,  shear 
waves,  crack  areas  >  20  mm2),  dye  penetrant  (crack  length  >  5  mm),  optics  (crack 
length  >-10  mm),  X-ray  (crack  length  >  13  mm),  holographies (possible,  but  no  ex¬ 
perience). 

3. 2. 2. 2  Flaw  detection  in  surfaces,  when  crack-critical  area  (1-4  sq.in.)  is  known 
from  stress  analysis  or  experience,  metallic  sheet  material,  surface  flat  or 

moderately  curved,  free  accessible, 

-  without  notches:  eddy  current  (crack  length  >  3  mm,  crack  area  >  1  mar),  ultrasonics 
(Rayleigh  waves,  crack  length  5*4  mm),  ultrasonics  (shear  waves,  crack  length  >  6  mm 
or  crack  areas  a*  20  ran2),  magnetic  particle  (crack  length  >6  mm),  dye  penetrant 
(crack  length  5*7  mm),  optics  (crack  length*4.0  mm,  dependent  from  crack  opening), 
X-ray  (crack  length  >13  ran) 

-  with  a  few  notches  (cylindrical  hoJes,  countersunk  holes,  radius):  sddy  current 
(crack  length  >3  mm,  if  edge  effect  can  be  compensated),  magnetic  particle  (crack 
length  >6  mm),  dya  penetrant  (crack  length  >  7  mm),  optic#  (crack  length  >9  mm), 
ultrasonics  (shear  waves,  crack  araas  >  20  raa2),  X-ray  (crack  length  >20  mm)} 

•  with  notches,  but  cracks  hidden  p.  e.  below  rivet  heads  ultrasonics  (shear  waves, 
crack  araas  >20  mm2),  all  othar  methods  only  later  on,  when  crack  tip  reaches  one  of 
the  parallel  surfaces  of  the  sheet  (creek  length  as  above). 

3. 2. 2. 3  Flew  detection  in  extremely  curve!  surfaces  (down  to  2  ran  radius)  of  metallic 
sheet  material,  free  accessible  surface,  with  or  without  notches:  ultrasonics 

(Rayleigh-waves,  crack  length  >4  mm),  eddy  current  (crack  length  >5  mm,  but  only  if 

device  permits  compensation) ,  magnetic  particle  (crack  length  >6  mo),  dye  penetrant 

(crack  length  >7  mm). 


3.2.3  Flaw  detection  in  solid  metallic  parts 

(p.e.  forgings  aa  landing  gears,  fittings,  spars) 


Attention  has  to  be  paid  to  the  effect  of  grain  flow  in  forgings  to  NDI- indlcat ions. 

We  had  examples,  where  X-ray  and  ultraeonica  (Rayleigh-waves,  ehear  waves  and  longitu¬ 
dinal  waves)  Indicated  e  "flaw",  but  eddy  currant  and  metallograpfcie investigation 
stated,  thsrs  was  no  discontinuity  of  material i 
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Therefore:  For  control  of  an  x-ray- indication  ultrasonics  are  not  always  a  sufficient 
aid. 


3.2.3. 1  Flaw  detection  In  solid  metallic  parts  at  external  surfaces,  when  free 
accessible,  and  critical  areas  are  not  known  (i.  e.  detection  of  flaws  all 

over  the  surface):  magnetic  particle  (crack  length  >  5  mm),  dye  penetrant  (crack  length 
>•  8  mm),  optics  (crack  length  10  mm),  ultrasonics  and  eddy  current  possible  too,  but 
in  general  uneconomical. 

3. 2. 3. 2  Flaw  detection  in  solid  metallic  parts  at  external  surfaces,  free  accessible, 
but  critical  areas  (1-4  sq.in.)  known:  eddy  current  (crack  area  >  1  mm2, 

crack  length  ^-3  mm),  ultrasonics  (surface  waves,  crack  length >  4  mm),  magnetic  particle 
(crack  length  >  6  mm),  ultrasonics  (shear  waves,  crack  lengths 7  mm,  crack  area  >■  25  mm2) 
dye  penetrant  (crack  length  >■  7  mm),  optics  (crack  length >  10  mm),  X-ray  (crack  length 
>  13  mm). 


3. 2. 3. 3  Flaw  detection  in  solid  metallic  parts  at  internal  surfaces,  none  or  bad 
accessibility,  critical  areas  unknown:  No  reliability  with  any  method. 

3. 2. 3.4  Flaw  detection  in  solid  metallic  parts  at  internal  surfaces,  critical  areas 
known,  none  or  unsufficient  accessibility  (accessibility  normally  decides 

choice  of  method,  not  reliability):  ultrasonics  (shear  waves,  crack  area  -  dependent 
from  distance  between!  acoustic  source  and  point  of  crack  -  not  less  than  40  mm2), 
optics  (with  mirrors  or  stiff  endoscopes,  crack  length^  15  mm,  with  flexible  endoscopes 
>  18  mm),  eddy  current  and  X-ray  (crack  length  >  20  mm). 

3.2.4  Determination  of  flaw  size 

Little  information  is  available  about  accuracy  of  crack  length  measurement  (where 
accuracy  is  defined  as  relationship  from  crack  length  measured  by  NDT-tuethods  to  real 
crack  length  got  from  destructive  determination). 

Crack  length,  which  is  a  part  of  the  formulas  to  compute  failure  stress  is  a  plain  ex¬ 
pression  for  the  influence  of  crack-geometry  to  residual  static  strength,  which  in  every 
case  presupposes  a  specific  and  typical  form  of  the  crack. 

From  the  physical  point  of  view  all  NDT-methods  (except  optics)  are  measuring  form  - 
or  material-properties,  which  are  combined  in  a  very  different  manner  to  those  geo¬ 
metry  values,  which  characterize  the  form  of  a  crack:  crack  length  at  a  surface,  crack 
depth,  crack  area,  course  of  crack  tip  and  spacing  of  the  crack  flanges  all  over  the 
crack  area. 

More  practical:  none  of  the  NDI-mathods  (except  optics)  measures  directly  the  wanted 
crack  length,  only  destructive  testing  gives  full  information  above  geometry,  but  except 
spacing.  (The  latter  may  be  neglected,  for  it  does  not  influence  fracture  mecnanics com¬ 
puting.)  Therefore  many  assumptions  and  calibrations  are  necessary  to  give  any  reliable 
value  of  crack  size. 

From  a  practical  point  of  view  a  differentiation  into  two  essential  different  ranges  of 
accuracy  seems  suitable: 

The  first  range  is  that  of  crack  detection,  with  reliabilities  from  0  to  100  %,  The 
second  range  includes  all  flaw  sizes  above  the  sure  detectable  minimum  size  of  crack, 

1.  e.  100  %  reliability  in  detection,  In  this  second  range  the  task  is  reduced  to  the 
problem,  to  determine  the  point  of  the  crack  tip  as  precise  as  possible  and  to  know 
the  form  of  the  crack. 

Except  from  A 7  for  this  second  range  no  literature  is  available,  therefore  only 
estimated  accuracies  of  IABG<-experlence  can  be  added  to  A7. 

3. 2.4.1  Determination  of  crack  size  at  free  accessible  surfaces 

The  following  methods  can  be  used: 

,  optics  (with  magnifying  lenses  or  microscopes) 

.  eddy  current 
.  dye  penetrant 
.  magnetic  particle 
.  ultrasonics 


-  Optical  inspection  is  the  single  method  which  measures  directly  crack  length  at  the 
surface.  Accuracy  of  0.5  mm  is  reachable  when  using  microscopes  up  to  a  magnification 
of  40 - 80 x on  chemically  prepared  clean  surfaces,  which  is  practicable  only  in  labo¬ 
ratory. 

In  the  field  crack  length  in  general  is  underestimated,  at  clean  surfaces  with 
8  -  10  x  magnifiers  of  about  2  mm,  with  the  naked  eye  to  8  mm.  Accuracy  reached  is 
extremely  dependent  of  human  factor. 

-  Eddy  current  is  the  next  sensitive  from  our  experience.  It  measures  the  change  of 
conductivity  against  the  nondisturbed  state  and  is  -  seen  from  numerical  data  -  an 
integral  of  the  distribution  of  intensity  in  and  short  below  the  material  surface, 
i.  e.  the  course  of  crack  tip  until  a  depth  of  about  1  mm  below  the  surfaces  in¬ 
fluences  the  indication. 

For  calibration  of  distance  between  coil  and  crack  tip  consequently  the  course  of 
the  crack  front  a)  has  to  be  known  and  b)  has  to  be  constant.  If  these  conditions 
are  fulfilled,  an  accuracy  of  +  1  mm  is  reachable.  A  practical  advantage  of  this 
method  is,  that  (thin)  corrosion  protective  coatings  or  other  plastic  coverings  do  not 
have  to  be  removed. 

-  Dye  penetrant  accuracies  are  remarkably  less.  Because  indication  depends  on  pene¬ 
trated  volume  of  the  liquid,  accuracy  depends  from  crack  width,  crack  depth  and 
form  of  crack  area. 

Consequently,  there  may  be  great  differences  between  crack  tip  indicated  and  real 
crack  tip,  wjth  underestimation  up  to  7  mm  and  overestimation  up  to  5  mm.  Accuracy 
depends  much  on  exact  following  to  the  test  procedure,  especially  from  penetrating 
and  developing  time. 

-  Magnetic  particle  testing  leads  to  similar  faults  in  determination  of  crack  size. 

These  faults  are  caused  by  inhomogeneity  of  the  magnetic  field  in  combination  with 
the  influences  of  the  crack  form.  For  our  experience  crack  lengths  in  most  cases 
are  underestimated,  i.  e.  real  crack  length  is  greater  than  indication. 

-  Ultrasonic  methods  using  Rayleigh-waves,  transversal  or  longitudinal  waves,  although 
best  suitable  for  detection  of  flaws,  are  less  convenient  for  determination  of  crack 
length  in  surfaces.  The  relative  best  result  is  got  using  Rayleigh-waves  (ourface 
waves);  transversal  and  longitudinal  wave  indications  depend  from  crack  area,  from 
inclination  between  ultrasonic  beam  and  crack  plane,  from  microstructure  of  crack 
(p,  e.  fatigue  crack  gives  another  reflection  than  a  stress  corrosion  crack  of  the  same 
area)  and  from  distance  between  ultrasonic  source  and  crack.  Deviation  from  real 
crack  length  can  be  reduced  to  +  6  mm,  when  distances  are  about  50  mm,  using 
Rayleigh-waves.  The  other  wave  Torms  show  deviations  up  to  +  10  mm  for  the  same 
distance. 

3. 2.4. 2  Determination  of  crack  size  at  non  accessible  surfaces  of  solid  parts 

Ip  this  case  only  two  methods  may  be  useful t 

Ultrasonics  (shear  waves  and  longitudinal  waves)  and  X-ray.  Both  lead  to  insufficient 

results  regarding  accuracy. 

-  Ultrasonics)  Since  many  years  great  efforts  are  made  to  get  good  accuracy  from  the 
ultrasonic  inspection  method.  For  a  lot  of  materials  DGS-diagrams  have  been  developed, 
which  display  the  interrelation  between  echo  amplitudes,  distance  between  ultrasonic 
source  and  flaw,  and  the  flaw  size, (Such  flaws  are  normally  idealized,  are  plane,  have 
well  defined  form  and  vertical  angle  of  incidence.  In  practice  of  aircraft  inspection, 
none  of  these  presumptions  is  given. )Uitrasonic  echo  impulse  cannot  discern  between 
crack  length  and  depth,  and  therefore  gives  large  faults  in  crack  length  determination. 
The  good  results  of  the  carousel  method  described  in  pos.  2.3  cannot  be  generalized. 
Deviation  of  +  15  mm  is  to  take  into  account  for  distances  of  about  70  mm.  Less 
deviation  can  be  expected,  when  the  form  of  the  crack  is  known, 

-  X-rayi  X-ray-techniques  principally  underestimate  the  crack  length.  Indication  depends 
from  differences  in  absorption,  i,  a.  for  a  crack  from  crack-opening,  and  demands 
knowledge  of  crack-area  inclination.  Fatigue  cracks  therefore  often  are  not  found  at 
all,  strese  corrosion  cracks  show  better  detectability,  just  as  inclusions,  cavities 
and  Impurities.  A  general  estimation  of  accuracy  for  X-ray- inspection  cannot  be  given. 
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SUMMARY 

The  basic  concepts  of  nondestructive  testing  (NDT)  are  reviewed  in  relationship  with 
fracture  mechanics  concepts.  The  necessity  of  correlating  basic  differences  between  ordi¬ 
nary  destructive  mechanical  tests  and  NDT  is  considered.  The  use  of  NDT  for  assessment  of 
integrity  of  aircraft  components  and  structures,  after  fabrication  and  during  service  life 
is  discussed.  Inherent  limitations  of  NDT  and  necessity  of  interdepartmental  team  work  are 
reviewed.  General  information  on  routine  and  advanced  methods  is  included. 

1.  INTRODUCTION 

Nondestructive  testing  of  materials  is  to  be  considered  a  conceptually  different 
technique  from  the  standard  testing  of  materials  used  in  the  laboratory.  This  basic  differ¬ 
ence  does  not  rely  on  the  sole  characteristic  of  destructiveness  or  nondestructiveness  of 
specimens  subject  to  test.  The  really  discriminating  feature  between  the  two  systems  is 
that  properties  of  prime  importance  for  constructional  materials  -  such  as  strength, 
fracture  toughness,  fatigue  or  corrosion  resistance  -  are  directly  measured  by  standard 
testing  of  materials.  With  nondestructive  testing,  it  is  possible  to  reach  positive 
assessments  on  features  that  are  different  -  but  not  less  significant  -  from  those  earlier 
defined  as  primary.  The  results  of  both  systems  of  testing  -  destructive  and  nondestructive- 
need  to  be  correlated  through  appropriate  laboratory  programs.  Magnetic  permeability  of 
steel  or  its  capability  to  be  penetrated  by  X-rays  do  not  bear  direct  relationship  to  the 
capability  to  withstand  loads  and  environment  as"  expected  by  the  designer.  Variability  of 
these  physical  properties  of  the  materials  enable  nonhomogeneities  and  discontinuities  to 
be  detected  in  the  piece  and  these  are  obvious  suspect  features  that  may  have  an  important 
influence  on  the  performance  of  the  structure.  From  these  points,  it  appears  that  both 
systems  of  material  testing  are  to  be  considered  as  complementary  rather  than  exclusive 
methods  and  that  the  correlation  work  must  take  into  account  the  characteristics  of  each 
methou,  each  material  and  each  design  configuration. 

The  results  of  NDT  are  seldom  direct*  they  need  interpretation.  This  interpretative 
skill  should  be  delegated  to  a  team  of  specialists  rather  than  left  to  the  sole  judgment 
of  the  NDT  inspector.  This  team  would  be  composed  of  a  stress  engineer,  a  material  tech¬ 
nologist,  a  laboratory  expert  and  an  NDT  specialist.  The  final  decision  to  accept  a  part 
after  the  completion  of  the  fabrication  cycle  must  be  referred  to  an  acceptance  standard. 
Acceptance  standards  will  be  discussed  in  the  following  paragraph.  A  very  valuable  feature 
of  ND”  is  the  possibility  of  extending  the  inspection  to  100%  of  the  production  and  to 
100%  of  the  parts  during  service  life  to  the  condition  monitored.  It  should  be  clearly 
stated  that  the  concept  of  the  acceptance  standard  applies  only  to  the  fabrication  oyole 
of  the  parts.  In  this  case  the  standard  of  acceptance  is  a  necessity.  During  service  life 
no  general  standard  is  possible  for  assessing  the  residual  life  of  the  inspected  part. 

I,  NDT  SPECIFICATIONS  AND  CRITERIA 


All  materials  called  for  in  technical  documents  (procurement,  design,  fabrication)  are 
supposed  to  be  free  from  detrimental  defects.  These  defects  may  have  origin  in  the  rough 
material  itself  or  in  the  fabrication  process  of  the  parti  they  are  correlated  with  internal 
discontinuities  or  inhomogeneities  varying  in  sixe  from  an  atomic  lattice  up  to  a  sire 
directly  Apparent  in  the  surface  of  the  same  part.  These  internal  configurations  of  materi¬ 
als  are  generally  seen  by  modern  NDT  methods;  whose  sensitivity  and  powers  of  discrimination 
are  so  effective  that  they  may  provide  data  and  features  that  may  have  no  practical 
relevance,  at  least  in  the  part  that  is  undergoing  test.  Whether  the  configuration  put  in 
evidence  by  NDT  is  to  be  considered  acceptable  or  not  is  a  question  of  acceptance  standards 
and  quality  level.  It  is  clear  that  acceptance  standards  are  a  mandatory  tool  in  production 
quality  control  procedures,  but  to  prepare  this  tool  with  proper  directions  for  use,  is 
not  a  simple  job.  Owing  to  the  physical  principles  on  which  they  rely,  NDT  techniques  have 
usually  a  built-in  limitation;  in  the  majority  of  oases  they  con  indicate  defeat  pr  flaw) 
sixe,  rather  than  measure  sixe  absolutely.  For  example,  in  the  surface  inspection  test 
(liquid  penetrant  or  magnetio-partiole)  the  defeot  length  is  well  defined  but  the  depth  of 
the  defeot  ie  not  well  defined.  For  Internal  defects  -  detected  by  X-rays  or  ultra  sonio 
testing  -  the  measure  of  the  critical  spot  is  not  absolute,  even  though  the  best  techniques 
are  used  and  all  the  pertinent  parameters  that  may  influence  the  test  results  are  included. 
The  determination  of  absolute  dimension  snd  exsct  location  of  the  defeot  in  the  internal 
region  of  the  manufactured  part  is  sometimes  possible  through  s  complex  operation  of  Inte¬ 
gration  between  different  methods  of  NDT.  The  geometrical  configuration  of  the  part  pleys 
an  important  role  in  defeot  assessment.  Complex  geometric  configurations  My  be 
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associated  with  defect  characteristics  which  may  have  originated  in  the  fabrication 
process.  Some  of  these  defects  may  not  be  relevant  to  NDT  techniques  notwithstanding 
their  high  sensitivity  but  because  of  their  orientation  dependence.  In  any  case,  we  have 
called  a  "defect"  what  is  referred  to  generally  as  a  flaw.  Whether  this  flaw  is  to  be 
considered  a  defect  or  not,  is  a  question  pertaining  to  the  acceptance  standard. 

The  criteria  on  which  the  determination  of  these  standards  is  based  may  be  classified 
as  follows : 


-theoretical  considerations  of  stress  analysis  -  material  and  fabrication 
technology; 

-correlation  with  classical  direct  destructive  tests; 

-quality  level  of  similar  parts  successfully  accepted  in  the  past  -  same 
material,  stress  level  and  environment. 

Quality  standards  beyond  that  which  is  justified  by  tests  and  practical  experience 
would  be  costly  and  potentially  harmful  because  they  could  obscure  better  ways  of  achieving 
realistic  safety  levels.  Realistic  progress  in  material  technology  properly  nondestruc* 
tively  monitored,  may  lead  to  a  significant  improvement  in  aircraft  design.  Many  good 
specifications  have  been  written  incorporating  NDT  acceptance  levels.  There  are  three 
major  sources  of  NDT  specifications;  military,  technical  societies  and  industry. 

A  good  workable  specification  should  include: 

-method  of  test 

-test  procedure 

-objective  criteria  of  aoceptanoe/rej action  with  reference  standard. 

The  defect  location  and  orientation  are  more  compelling  reasons  for  rejection, 
rather  than  size  alone.  The  best  NDT  specifications  are  for  specific  parts.  The  more 
general  the  specification,  the  more  difficult  becomes  its  use.  Tho  basic  concept  is  that 
one  usually  finds  what  one  is  looking  for;  and  what  is  to  be  looked  for  is  to  be  estab¬ 
lished  after  exhaustive  preliminary  study.  The  method  of  test  must  refer  to  a  reference 
standard,  the  method  and  the  standard  being  strictly  interrelated.  These  reference 
standards  must  be,  when  practicable,  substantiated  In  physical  elements  on  which  is 
induced  an  artificial  flaw,  to  be  taken  as  reference.  Examples:  ultrasonic  test  block 
standards  and  penetrometers  for  X-ray  inspection.  These  physioal  elements  may  not  always 
be  produced.  Reference  standards  for  penetrant  inspection  are  not  available  Because  it 
proved  practically  impossible  to  produce  two  samples  with  identical  artifioal  defeats 
typical  for  penetrant  detection.  When,  as  in  this  example,  physioal  elements  to  be  used 
as  reference  standards  are  not  practical,  the  NDT  speoifioation  should  inoludo  sketches, 
photos,  or  clear  verbal  descriptions  of  aoceptance/rejeotion  limits. 

3.  RECENT  PR00RES8  IN  NDT  TECHNIQUES 

Improvements  in  sensitivity,  selectivity,  and  discriminating  power  -  have  advanoed  the 
posaiblity  of  detecting  critical  deterioration  in  aircraft  components  during  service  life. 
The  built-in  capabilities  of  NDT  methods  would  seem  to  warrant  this  result,  at  least  to 
some  extent.  Unfortunately,  generally  speaking,  this  goal  is  to  be  oonsidered  practically 
unattainable,  if  we  are  referring  to  an  ideal  and  automatio  method.  Deterioration  of 
components  can  be  detected  during  service  life  provided  an  integrated  maintenanoe-inspeotion 
program  is  organized  rationally  from  the  early  beginning  of  service  life.  In  this  programs 
the  role  of  NDT  is  relevant  and  will  contribute  substantially  to  the  building  of  flight 
safety.  It  is  not  to  be  maintained  that  NDT  should  be  an  automatio  lifeauard  and  panacea. 
When  a  definite  deterioration  is  detected,  the  evaluation  of  the  capability  of  the  element 
to  withstand  project  loads  for  a  certain  time,  depends  on  the  integration  of  the  following 
fields: 


-laboratory  tests,  properly  programmed  and  interpreted  during  the  qualification 
phase  of  the  prototype; 

-consideration  of  fracture  mechanics  applied  to  speoifio  part,  with  failure 
mode  identification; 

-result  of  a  programme  of  NDT  well  tailored  to  the  apeoifio  problem. 

It  is  poaaiblo  to  foresee  that  this  integration  among  the  three  different  fields  should  be 
started  right  in  the  project  phase  and  this  seems  to  be  the  trend  of  modern  engineering. 

With  suoh  an  approach  the  dealonmrv  the  material  engineer  end  the  NDT  representative  are 
all  involved  et  the  design  a tags  for  the  purpose  of  eariy  detection  of  deterioration. 

Prom  the  failure  modes  study  of  the  sensitive  trees  of  the  structure,  with  reference  tc>  e 
certain  typa  of  defect  likely  to  be  expected  from  similar  previous  experience,  it  is 
possible  to  determine,  for  example  the  critical  crack  length  which  will  oauae  failure  in 
that  particular  component  of  the  structure.  This  critical  crack  length  will  be  determined 
from  oeloulations  end  experiments,  substantiated  by  failure  history  of  similar  components. 
The  concept  of  similarity  applies  to  geometrical  configuration,  material  fabrication  cycle, 
standard  of  eooeptenoe,  and  defect  orientation.  The  relationship  of  the  mechanism  of 
crack  extension  to  critical  length  is  to  be  investigated  in  terms  of  fracture  mechanics 
concepts. 

With  ell  these  facte  available,  a  positive  programme  of  NOT  can  be  arranged  end  the 
sensitivity  to  be  expected  from  NDT  can  be  made  a  requirement.  Modern  NDT  techniques  in 
fecit  do  make  available  methods  whose  sensitivity  is  adequate  to  an  early  detection  of 


fatigue  crabks  in  structures.  These  methods  can  be  useci  to  detect  sm9Mr''fatigufcsrtracks 
during  the  course  of  fatigue  tests  in  the  laboratory  and  can  also  be  successfully" applied 
in  the  field.  As  orientation,  we  can  quote  that  with  ultrasonic  reflection  techniques 
fatigue  cracks  that  ranged  in  length  from  0.0005  to  0.0025  in.  were  detected  in  2014 
aluminum  alloys.  It  must  be  considered  that  fatigue  is  not  the  sole  factor  to  be  considered 
in  the  evaluation  of  deterioration  of  aircraft  structures  during  services  life.  Corrosion, 
local  wear,  surface  deterioration,  and  change  in  residual  stress  configuration,  also  play 
important  roles  in  the  behaviour  of  structures  and  these  can  be  monitored  on  condition 
by  NDT,  A  maintenance  plan  is  supposed  to  take  into  account  deterioration  possibilities 
and  NDT  detection  capabilities  in  different  areas.  During  the  progress  of  utilisation 
of  the  aircraft  concerned,  continuous  reass ignments  of  inspection  plans  and  reevaluation 
of  life  expectancy  are  to  be  considered  and  worked  out  on  a  complex  feedback  basis. 

The  maintenance  plan  should  be  such  to  satisfy  general  criteria  of  reliability  which  are 
applicable  to  system  maintenance.  Specific  NDT  instructions  will  be  issued  to  monitor 
the  condition  of  items  that  have  demonstrated  criticality  at  laboratory  level  during  the 
qualification  stage  and  also  to  substantiate  the  absence  of  other  critical  points  not 
previously  foreseen.  It  is  clear  that  a  too  complicated  burden  of  NDT  requirements  should 
be  permitted  only  in  the  early  field  intensive  trials.  Every  point  that  confirms  its 
criticality  during  the  first  phase  of  utilization  of  the  aircraft  should  undergo  adequate 
and  well  substantiated  modification  plans.  When  considerable  service  time  has  elaDsed  a 
new  NDT  Program  could  help  to  predict  practical  service  life  time.  In  any  case  it  is 
assumed  that  every  nondestructive  inspection  should  be  performed  following  the  direction 
of  a  specific  technical  Order. 

4.  CURRENT  NDT  METHODS 

The  methods  of  NDT  may  today  be  considered  as  a  host  of  technological  tools  based  on 
very  diversified  physical  principles.  Some  of  these  methods  are  routine  methods  at  shop 
and  laboratory  levels  both  in  manufacturing  and  servicing  facilities.  Other  methods, 
referred  tc  as  advanced  methods,  are  still  in  the  development  phase  and  routine  application 
can  hardly  be  foreseen  at  this  time.  The  present  state  of  the  art  may  indicate  a  general 
reorganization  of  this  tooling,  taking  also  into  account  the  requirements  of  modern  bonded 
structures  and  new  composite  materials.  Many  of  the  techniques  of  NDT  are  so  well  advanced 
with  regard  to  sensitivity  that  they  may  produce  more  uncertainties  than  sound  judgments. 
Therefore,  the  establishment  of  central  consultation  laboratories  are  advocated  to  help 
review  and  double  check  diagnoses  in  doubtful  oases.  It  may  be  said  that  almost  every 
measurement  of  physical  constants  in  metals  has  originated  a  particular  NDT  method  and  that 
local  or  overall  variability  of  physical  constants  may  be  correlated  with  elastic  and  ulti¬ 
mate  properties  of  metals.  The  five  most  commonly  used  methods  for  nondestructive  evalua¬ 
tion  of  materials  may  be  classified  as  follows t 

-radiographic 
-magnetic-particle 
-liquid-penetrant 
-eddy  current 
-ultrasonic 

Each  of  these  methods  shows  in  itself  a  great  variety  of  modes  of  application  and  practi¬ 
cally  every  method  is  available  in  a  very  diversified  variety  of  hardwaro  and  software. 

Other  techniques  are  currently  undergoing  development  and  many  show  promise  as  standard 
applications  in  the  future.  These  include  optical  and  acoustic  holography,  acoustic 
emission  and  thermal  methods.  Other  methods,  such  as  X-ray  diffraction,  probably  will 
remain  confined  to  the  laboratory  level.  With  the  development  of  new  radio  isotope  sources, 
nuclear  techniques  once  restricted  to  laboratory  use,  are  becoming  available  for  quality 
control  in  the  field.  Examples  of  these  brand  new  applications)  ooating-thiokness  measure¬ 
ments  in  inaccessible  parts. 

5.  SURVEY  OF  METHOD8 

The  present  survey  is  merely  intended  to  be  an  orientation  on  what  and  how  the  host 
of  NOT  techniques  may  contribute  to  making  assessments  on  the  internal  configuration  of 
materials  and  fabricated  parts  and  on  potentially  detrimental  defects.  In  this  repsect 
NOT  methods  are  a  tool  whose  utilization  is  in  many  oases  mandatory  and  whose  importance 
cannot  be  over  emphasised.  Information  gathered  through  NOT  both  at  the  manufacturing  level 
and  during  servioe  life,  are  to  be  processed  by  means  of  theoretical  and  experimental 
concepts  of  fraoture  mechanics.  The  inspection  of  metal  surfaces  is  a  principal  appli¬ 
cation  for  NOT.  As  a  matter  of  fact  exterior  surfaces  are  inherently  weaker  as  far  as  bonds 
are  oonoernedi  generally  the  result  of .manufacturing  may  create  on  the  ear face  many  typea 
of  atreaa  raisers,  bast  but  not  least,  ths  surfsae  is  much  exposed  to  environmental 
damage  during  service  life.  The  physical  principles  on  which  hardware  and  software  of  not 
rely  are  extremely  diversified  and  practically  cover  all  the  province!  of  modern  applied 
physics.  Quantitative  data  on  sensitivity  and  on  resolving  power  are  not  given.  This 
information  will  be  found  in  a  physios  handbook, 

big'  id  Penetrant,  biquid  having  very  low  surface  tension  is  allowed  to  penetrate 
into  miorocovi ties  and  discontinuities  opened  on  the  surface  of  the  part.  After  the  pene¬ 
trating  period,  the  excess  of  penetrant  la  removed  and  powdared  material  for  development 
is  applied,  indications  are  viewed  with  white  light  or  under  "black  light"  (fluorescent 
additives  to  the  developer).  Penetrant  inspection  is  an  important  and  sensitive  tool  of 
NOT,  but  is  not  applicable  to  surfaces  having  high  eoresitv  or  roughness.  Previous  surface 
cleaning  of  the  pert  is  necessary.  The  equipment  is  available  as  simple  portable  equipment 


or  larger  stationary  equipment.  While  the  method  is  suitable  both  at  the  manufacturing 
level  and  field  levels,  the  acceptable  standards  are  not  generally  defined.  The  reliability 
of  judgment  in  its  use  is  based  on  the  thoroughness  and  visual  and  mental  acuity  of  the 
operator. 

Magnetic  Particle.  This  is  a  standard  UDT  method  for  detecting  surface  and  sub¬ 
surf  aceTalscontTnuTties  in  ferromagnetic  materials.  It  consists  in  establishing  a  suitable 
magnetic  field  in  the  test  object.  Parts  to  be  inspected  are  previously  cleaned  and  dried. 
Many  types  of  magnetizing  current  can  be  used  (d.c.  and  a.c.  magnetization).  The  proper 
value  of  flux  density  (strength  of  magnetizing  field)  is  critical,  and  the  direction  of 
the  magnetizing  field  is  most  important.  Detection  capability  is  selective  to  field 
orientation.  The  method  is  very  sensitive  if  the  controlling  factors  are  properly 
monitored.  When  strength  of  field  or  direction  of  magnetic  field  is  inadequate,  important 
discontinuities  may  be  missed.  After  inspection,  demagnetizing  of  parts  is  required. 

The  standard  methods  are  applicable  both  at  the  manufacturing  level  and  in  field  tests 
Qualification  of  personnel  is  required. 

Kddy  Current.  The  basic  principle  lies  in  the  variation  of  magnetic  permeability 
correlated  with  internal  or  surface  inhomogeneities.  The  variation  of  magnetic  permeability 
is  detected  by  intensity  and  phase  of  the  internal  current.  A  coil  carrying  a  high  fre¬ 
quency  alternating  current,  placed  near  an  object  capable  of  conducting  an  electrical 
current,  induce  in  the  object  an  electrical  current  which  cause  a  magnetic  field.  Any 
flaw  or  variation  in  mechanical,  physical  or  chemical  properties  of  the  object  affect 
this  magnetic  field  whose  variations  are  measured  and  correlated  with  the  shape  and  size 
of  the  defect.  This  method  is  particularly  useful  '  'r  checking  fastener  holes  for  cracks 
and  to  test  the  integrity  of  bonded  structures.  Recent  applications  include  the  sorting 
of  gears  for  improper  heat  treatment. 

Thermal  Methods .  Heat  is  applied  over  the  specimen  (heat  source,  electrical  current, 
infrared  heat  source) .  The  distribution  of  temperature  is  noted  and  a  "hot  spot"  will 
appear  at  the  specimen  indicating  a  defect  somewhere  below  the  surface  hot  spot.  The 
method  is  a  very  indirect  one;  the  correlation  between  the  defect  and  the  surface 
temperature  distribution  pattern  is  very  problematic.  This  method  is  practically  useful 
provided  this  correlation  is  properly  set  up  and  there  is  some  previous  knowledge  of 
possible  defects.  The  instrumentation  technique  is  critical.  The  latest  development  in 
surface  temperature  detection  utilizes  liquid  crystals.  TheBe  indicators  are  very  sen¬ 
sitive  and  some  experiments  demonstrated  that  they  can  monitor  strain  heat  to  indicate 
potential  fracture.  Thermal  techniques  are  best  suited  for  detecting  flaws  reasonably 
near  the  surface;  definition  suffers  if  the  flaw  is  deep,  because  the  hot  spot  tends  to 
diffuse  as  it  travels  to  the  surface. 

X- Radiography .  The  basic  method  is  in  continuous  development.  The  most  recent 
techniques  allow  use  on  component  thicknesses  over  20  inches.  It  is  the  most  suitable 
method  for  inspecting  complex  structures  with  low  accessibility;  applicable  to  all  metallic 
materials  for  detecting  flaws,  voids,  porosity,  inclusions,  aorrosion.  It  is  also  usable 
for  inspecting  welded  parto  and  bonds  in  sandwich  structures.  Practically  this  method 
allows  the  detection  of  the  most  common  defects.  Qualified  personnel  and  equipment  are 
required,  and  safety  regulations  are  mandatory.  Generally,  this  method  is  not  applicable 
to  forged  parts,  and  orientation  of  defects  versus  radiation  is  critical.  Reference 
standards  are  available. 

Gamma  Rays,  Gamma  radiography  is  similar  in  many  respects  to  X-radiography .  Gamma 
rays  are  shor^or  than  X-rays  and  thus  have  greater  penetrating  power;  they  interact  with 
materials  in  much  the  same  way  ai.J  the  recording  media  and  techniques  are  basically  the 
same.  Gamma  rays  require  a  radioactive  source.  Safety  precautions  and  qualifications  are 
mandatory. 

Neutron  Radiography .  A  stream  of  neutrons  (from  a  proper  source)  passes  through  the 
test  oBject,  is  partially  absorbed  and  the  emergent  beam  is  recorded.  N-radiography  is 
somewhat  similar  to  x-radiography  but  N-rays  have  far  different  characteristics.  This 
process  supplements  rather  than  replaces  X-radiography.  The  special  feature  of  this 
method  is  that  a  stream  of  neturons  is  readily  absorbed  by  hydrogen  bearing  materials 
and  by  suoh  materials  as  boron  and  lithium.  The  method  has  been  used  to  check  castings 
and  welds  for  potential  hydrogen  embrittlement  and  for  inspection  of  hydraulic  systems 
(presence  of  deteriorated  0  rings  and  contaminants) . 

Ultrasonic.  This  is  a  widely  accepted  method  and  the  range  of  applications  are 
extremely  ""broad.  High  frequency  meohanical  vibrations  are  induced  in  the  part,  usually 
by  means  of  piezoelectric  transducers.  Transmitted  or  reflected  energy  ie  converted  to 
electric  signals  and  displayed  on  a  cathode  ray  tube  or  pen  recorder.  The  reflected  ultra¬ 
sonic  energy  may  be  absorbed  in  the  viscoelastic  layer,  converted  to  heat,  And  observed 
as  a  color  display  through  a  liquid-crystal  layer  (acoustography) .  Ultrasonic  waves 
( Raylei^iwaves)  may  be  launched  along  the  surface  of  the  metal  and  reflected  back  from 
cracks  at  right-angles  to  their  path.  Ultrasonic  inspection  is  very  sensitive  and  has  good 
penetrating  power.  Xt  has  proved  to  be  a  suitable  tool  to  detect  crack  initiation  and 
oraok  propagation  prior  to  failure.  Specimen  geometry  and  orientation  of  defect  can  be 
limiting  factors.  Interpretation  of  ultrasonic  displays  or  recording  require  very 
skilled  personnel;  the  same  skills  are  required  to  seleot  proper  tochni juea  and  sensitivity 
for  different  applications.  Qualifications  of  personnel  and  equipment  are  mandatory. 
Standards  are  available. 
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Acoustic  Emission,  Dr-forming  materials  generate  stress  waves  giving  rise  to  low 
intensity  inaudible  sounds.  Microphones  are  used  to  detect  these  "ignals,  whose  fr-quency 
and  amplitude  are  recorded  and  analyzed.  It  la  a  promising  technique  under  development. 
Recant  applications  were  used  to  monitor  weldings  flaws  such  as  porosity,  inclusions. 
Incomplete  fusion  and  cracks,  create  emission  during  the  welding  process  because  of  the 
stress  surrounding  them.  Through  acoustic  emission,  impending  failure  during  a 
structural  test  may  be  detected.  Stress  corrosion,  fatigue  crack  and  hydrogen  embrittlement 
Mit  identifying  aounde  long  before  they  cause  failure. 

Other  Hothoda.  Other  methods  should  be  mentioned,  at  this  moment  being  under  develop¬ 
ment  bo tli  fex  routine  and  for  special  purposes.  The  very  Important  problem  to  detect  non- 
deatructively  the  residual  stress  configuration  and  its  variations  during  service  life 
deaervea  special  attention.  X-ray  diffraction  and  magnetic  methods  for  ferromagnetic 
aiaterials  (Barkhausen  noise)  seem  to  be  the  moat  promising  methods.  Recent  application 
of  holography  methods  are  also  to  be  mentioned.  These  methods  consist  basically  in 
superposition  of  two  images  taken  by  coherent  light  of  an  object  in  more  than  one  atate: 
at  rest  and  under  soma  stata  of  daformation.  The  difference  of  tha  two  images  shows  up 

as  interference  fringes  or  patters  at  pointo  of  discontinuities. 


Sows  nondestructive  testing  techniques  have  been  discussed  while  others  like  liquid 
crystal  and  kryptons  ted  teats  are  not  Included  in  this  manual.  This  Skanual  had  the  main 
objective  of  treating  fracture  mechanics  techniques  and  consequently  was  concerned  chiefly 
with  such  material  while  referring  in  a  cursory  way  to  nondestructive  techniques.  However, 
soma  reports. that  stay  be  of  interes'.  in  the  area  of  nondestructive  testing  are: 

(1>  U.S.  Army  Materiel  Command,  ’Guidance  to  Nondestructive  Testing  Techniques,"  AMC 
Pamphlet  702-10,  April  1970 

(21  .  "Guide  to  Specifying  NOT  in  Materiel  Life  Cycle 

Applications,"  AMC  Pamphlet  702-11,  Noveafeer  1970 

(3)  R.C.  irubinskas,  "State  of  the  Art  Survey  on  Holography  and  Microwaves  in 
Nondestructive  Testing,"  Army  Materials  and  Mechanics  Research  Center,  AMMRC  MS  72-9, 
Saptsmber  1972 


REFERENCES 


•1RCB0N 

XU  HA,  LAS  CO,  PRECHE 

GROVER 

KLEINT,  HA8EMALER 

ENGINEERING  OUTLINE  101 


"Lao,  a  plan  for  NDT"  -  British  Journal  of  NOT  -  Sept.  1970 

Application  of  ultrasonics  to  detection  of  fatigue  cracks  - 
Experimental  Mechanics  -  March  1966 

Using  fatigue  information  in  design  -  Experimental  Mechanics 
May  1*72 

Relationship  of  Standards  and  Specifications  to  nondestructive 
testing  -  Materials  evaluation  August  1965 

Cossaonly  used  specifications  and  standards  for  nondestructive 
testing  -  Materials  evaluation  -  March  1966. 

Nondestructive  testing  -  Engineering  -  Jen  II,  1961 


LAVOIE  Nondestructive  testing  -  Design  guide  -  Machine  design  - 

Bspt.  1969. 

Nondestructive  testing  Handbook  -  Edited  for  tha  Society  for 
nondestructive  tasting  -  New  York. 


R.C.  McMaater 


VXX.C.  DETECTION  AND  DETERMINATION  OF  FLAW  8IZI  Hr  ACOUSTIC  DU 88 ION 


C.  I.  lirtboMr 


Foreword . ........41! 

Introduction . 41' 

Proof -Testing  Concepts  . . ........42! 

Cass  Histories  . . 42: 


Fracture  Mechanics  Concepts  in  Proof  Testing  .  42 

Acoustic  Emission  As  a  Mondestructive  Inspection  Method  .  42 

Low  Cycle  Kigh-Stresa-Xntenaity  Fatigue  .  .....42 

Stress  Corrosion  Cracking  and  Hydrogen  Embrittlement  .  43 

Strain-Aging  Embrittlement  .  ..  .  ....43 

Delayed  *el4  Cracking . 44 

Acoustics  Emission  from  Welded  Aluminum  .  ....45 

Continuous  In-Service  Surveillance  . . 43 

Acoustic  Emission  as  a  Precursor  of  Fracture  .  45 

Isolation  of  an  A  ecus  tic- Belas  ion  Soares  from  Extraneous  Noise  45 

Instrumentation  for  In-Field  Flaw  Detection  ....  .  48 

Summary  of  Theoretical  and  Experimental  Limitations  .  48 

Correia  cion  of  Acoustic  Emission  with  Sise  of  Crack  and  Crack 
Growth  rata  .  ........46 

Flaws  too  Small  to  be  Detected  by  Conventional  Nondestructive 
Inspection  . . 46 

Electrical  Disturbances  .  46 

White  Noise . 46 

Extraneous  Noise  from  Metallurgical  Sources  .  47 

Deferences . 47 


419 


vxi.c.  omcTioii  amb  detekmihatioh  or  flaw  am  it  acoustic  emission 


C.  I.  Hsrtbower 


foreword 

However  defsct-frs*  a  atructura  may  appear  to  ba  whan  It  entera  proof  taat  and  service,  if  there  are 
active  mechanisms  for  aubcrltlcal  crack  growth,  auch  aa  fatigue,  atreaa  corroaion,  hydrogen  eabrlttleeent, 
and/or  atraln  aging,  the  life  of  the  atructura  will  be  ahortened.  How  euch  it  la  ahortened  will  depend 
upon  the  rate  of  aubcrltlcal  crack  growth  and  the  critical  crack  alta  of  the  aaterlal  aa  determined  by 
Ita  fracture  toughneaa.  Proof  tearing  provldea  a  eeaaure  of  mrxlmum  defect  that  can  be  preaent  at  the 
start  of  aerrice.  The  difference  between  the  critical  crack  alee  and  the  dafect  alee  at  the  start  of 
service  is  the  amount  of  alow  crack  growth  that  can  ba  tolerated •  Without  acoustic  eolation  aa  a  non- 
deatructlve  inspection  procedure,  structures  are  needleaaly  loat  in  proof  teat  and  aervlca.  When  a  crack 
approaches  critical  site,  at  tha  onset  of  crack  instability,  the  Increase  in  crack-growth  rata  unmistak¬ 
ably  heralds  Imminent  fracture  through  the  generation  of  an  abrupt  lncreaae  In  acouatlc  ealaslon  count. 

Available  acoustic  emission  instrumentation  systems  are  ao  sensitive  that  it  la  possible  to  detect 
each  stage  of  tha  failure  process  starting  with  deformation  (dislocation  plleups),  crack  propagation  and, 
finally,  the  onset  of  instability  —  all  in  real  time.  Moreover,  in  the  second  and  third  stage  of  the 
failure  proceea,  aa  described  above,  it  la  possible  by  triangulation  to  locate  the  source  of  the  signal. 

In  some  applications,  the  practical  limitation  for  use  of  acoustic  emission  as  a  nondestructive  Inspection 
method  has  been  and  will  continue  to  be  extraneous  noise.  However,  most  noise  problems  are  solved  by  the 
effective  use  of  band-pass  filters  or  special  isolation  techniques  Involving  computer  solutions. 


nmooucrioN 


The  use  of  acoustic  emission  as  a  nondestructive  inspection  technique  has  been  under  development  for 
over  a  decade.  The  technique  Is  baaed  upon  the  elastic  energy  which  la  spontaneously  released  when  a 
aaterlal  undergoes  plastic  deformation  and/or  cracking.  Thus,  acouatlc  aulsslon  constitutes  a  unique  non¬ 
destructive  inspection  aethod  in  that  tha  material  defect  when  propagating,  transmits  Its  own  signal,  with 
the  sensor  acting  as  tha  receiver.  In  other  words,  the  material  undergoing  crack  growth  both  generates 
and  trenemlta  the  signal  (acouatlc  amission)  which  than  can  be  detected  by  suitable  instrumentation  and 
the  source  located  using  aalsalc  techniques. 

The  first  well  documented  Investigation  of  acoustic  emission  in  metals  was  made  in  Germany  by 
raiser'1'  in  1950.  He  reported  that  all  metals  examined  (sine,  steel,  aluminum,  copper,  and  lead) 
exhibited  the  emleslon  phenomenon.  Working  with  polycrystalline  specimens,  Kaiser  concluded  that  acoustic 
vibrations  originate  in  grain  boundary  lntarfacss.  Emissions  were  believed  to  be  associated  vlth  the 
Interaction  Induced  between  Interfaces  by  applied  atreaa.  He  noted  that,  for  a  given  material,  charac¬ 
teristic  spectra  of  frsquency  and  amplitude  axlated  tnd  were  related  to  the  stress  level. 

ta  the  U.S.A.,  tha  researches  of  Schofield,  at  al^1-**  and  studies  at  Aerojet-Ceneal  Corporation^*”1®* 
were  largely  responsible  for  triggering  the  current  high  activity  in  this  new  field  of  nondestructive 
Inspection.  Schofield,  In  1955,  Initiated  an  extensive  Investigation  of  acoustic  tela a Ion  phenomena.  He 
found  that  the  emissions  did  not  originate  entirely  Iron  grain  boundaries,  as  single  crystals  also  emitted. 
Also,  characteristic  spectra  of  frequency  and  amplitude  were  not  found,  from  which  Schofield  concluded  that 
frequency  and  amplitude  were  not  the  correct  fundamental  quantities  to  charsctarlxa  the  emission  process. 
Tatro(29)  started  his  Investigations  of  acoustic  emission  in  1956  and  explored  the  possibility  of  detect¬ 
ing  slip  in  metals  with  sonic  techniques.  From  studies  on  single-crystal  sltmilnum,  Tatro  and  Liptai'10' 
reported  that  emission  activity  was  related  to  pllcup  and  breakaway  of  dislocations.  Anodic  surface 
layers  applied  to  aluminum  crystals  changed  the  emission  spectra  and  acted  as  effective  barriers  to  dis¬ 
location  and  slip-band  formation  at  the  surface.  Thus,  work  at  Michigan  Stats  University  started  In  this 
field  prior  to  1960(29-32).  Work  with  acoustic  emission  st  Aerojet  began  In  the  early  1960s;  the  first 
practical  application  wee  la  the  proof  testing  of  glass-wound  Polaris  rocket  motor  earnest). 

Dunegen<**-37)  at  the  University  of  California  Lawrence  Kadlatlon  Laboratory  also  did  pioneering  wo-k 
with  acoustic  emleslon,  but  most  of  his  early  research  was  for  the  U.S.  Atomic  Energy  Coamisslon  and, 
therefore,  wee  not  publicized.  Moat  early  studies  of  acoustic  talsslons  were  associated  with  plastic  de¬ 
formation  or  crack  propagation  in  metals.  The  frequency  range  used  in  most  investigations  was  below  60  KHx; 
a  significant  advance  in  experimental  technique  wee  the  extension  of  experiments  into  the  100  KHx  and  1  MHz 
ranges,  first  reported  by  Duoegan,  Tatro  and  Harris ( 13 ' .  This  eliminated  the  need  for  elaborate  soundproof 
facilities  by  ninimizing  the  effects  of  extraneous  laboratory  noise  in  the  study  of  continuous -emission 


*This  chapter  deals  with  a  new  technology.  Questions  and  comments  ara  invited. 
**  Inferences  appear  at  the  end  of  text. 
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line*  the  alddla  I960* ,  application*  of  aeouatic  aalaalon  technique*  to  notarial*  raaaarch,  naterlal 
evaluation,  nondaatructlv*  tasting,  and  atruetural  evaluation  have  lncraaaad  rabidly.  Impetus  haa  bean 
glvaa  thla  now  technology  by  graduate  *tudl**<29, 31, 32,38-48)  at  aavaral  unlvaraltla* ,  Including  In  parti* 
eular,  Michigan  State,  Univaralty  of  Michigan,  Arltona  University  and  Washington  State. 

Aeouatic  aalaalon  1*  th*  detectable  alaatlc  energy  which  la  apontanaoualy  ralaaaad  whan  aatarlalo 
undergo  plaatle  deformation  and/or  fracture.  Th*  phanoaanon  of  aound  anlttlng  from  natal*  undergoing 
defamation  la  dlacuaaad  In  th*  literature  at  laaat  a*  early  a*  ,92B  and  th*  phenomenon  of  "tin  cry"  la 
ballavad  to  data  to  antiquity.  Audible  aounda  or  "click*"  noted  during  heat  traatnant  of  ataala  have 
been  related  to  tha  nartanaltic  trana  format  Iona;  atudlaa  hav*  ahown  that  th*  nartanaltlc  tranafomatlon 
la  a  coploua  anlttar  of  aeouatic  amlaaion'’''. 

Both  natala  and  non-natala  have  baan  lnvaatlgatad,  although  noat  of  th*  work  publlahad  to  data  haa 
bean  concerned  with  natal  teat  apee'man*  or  atructura*.  Analogoua  atudlaa  have  baan  conducted  on  Reologlc 
natarlala  (rocka,  ate.),  where  the  tarn*  "nlcroaalanlc  activity"  or  "rock  nolaa"  are  comonly  uaad  rather 
than  aeouatic  aalaalon. 

For  natala,  tha  obaarvad  aeouatic  elgnala  aia  often  reported  aa  being  of  two  type*:  a  q uaa 1 -con t tnuoua 
algnal  and  a  burat-type  algnal  which  la  of  a  danpad  alnuaold  forn.  Th*  fraquanclaa  attending  thaac  wave* 
hav*  been  reported  to  rang*  from  audible  "dick*"  up  to  30  MHi ;  thua,  th*  apectruai  extend*  over  nor*  than 
four  daeada*.  Aeouatic  aalaalon  algnal  level*  are  auch  aa  to  require  amplification  factor*  ranging  froa 
about  10*  to  10',  depending  upon  tha  aanaltlvity  daairad.  Tima,  axtranaoua  electrical  and  nechanlcal 
nolaa  nay  b*  a  proble*  In  nnnleorlng  aeouatic  anlaalon.  On*  other  factor,  which  la  not  alwaya  racognlxad 
by  asperlaentara ,  la  that  th*  obaarvad  frequency  apactrun  of  aeouatic  anlaalon  la  elgnlflcantly  Influenced 
by  the  reaonane*  and  trananlaalon  character lot lc*  of  both  th*  apaclnen  (gaonatry  aa  well  a*  aeouatic 
propertlaa)  and  th*  aeoalng  aathed. 

Barly  work  by  Schofield  lad  hln  to  hypothaalx*  that  aeouatic  aalaalon  waa  primarily  due  to  tha  for¬ 
mation  of  ally  line*  on  th*  apaclnen  aurfac*.  HI*  later  experiment*  cauaed  hln  to  altar  thla  vlaw,  and 
by  196*  he  had  concluded  that  It  waa  due  to  an  Internal  mechanism  and  that  th*  aaapl*  aurfac*  and  lta 
condition,  play  only  a  aacondary  role  In  Influencing  anlaalon  raapona*.  He  alto  noted  that  th*  contlnuoua- 
type  algnal  waa  atraln-rat*  aenaltlva,  and  hypothealied  that  It  waa  th*  raault  of  dlalocatlon  pinning  and 
eroea  allp.  Ha  thought  that  tha  buret-type  algnal  Wa*  related  to  tha  rapid  dafomation  aaehanlan*  raa- 
ponalbla  for  th*  formation  of  atacklng  fault*  and  nachanlcal  twine.  Subacquant  work  by  other  lnveatl- 
gatora  haa  only  partially  aubatantlated  thaa*  hypotheac*.  Invaatlgator*  at  Aarojet-Canaral  Corporation 
dellberataly  eat  tha  aanaltlvity  of  thalr  ayaten  to  preclude  detection  of  plaatlc-deforaatlon,  focualng 
thalr  attention  on  crack-growth  procaaaaa.  Tlialr  work  ahewad  that  high  energy  burnt*  ar*  detected  aa 
cra-ka  propagate. 

Aeouatic  anlaalon  differ*  from  other  nondaatructlv*  tachnlqu**  in  ona  significant  reapact.  It  la 
a  paaalve  monitoring  nathod  and  depend*  entirely  on  changing  Internal  arraaaca  within  th*  aanpl*  or 
atructura  to  provide  the  excitation  function.  Another  feature  encountered  In  certain  natala  1*  that  once 
a  given  atreaa,  or  load,  haa  been  applied,  and  tha  aeouatic  anlaalon  fro*  accoanodatlng  thla  atraaa  haa 
ceaaed  (in  th*  abaenc*  of  a  aubcrltlcal-erack-growth  aaehanlan) ,  no  nor*  anlaalon  will  occur  until  thla 
atraaa  level  la  exceaded.  If  the  load  la  eoaplataly  re*o*’ad,  whan  th*  load  la  r*-appll*d,  no  aalaalon 
occur*  until  the  previous  load  haa  baan  axcaadad.  Thla  often  useful  and  aonatlnaa  trooblcaona  behavior 
la  callad  tha  Kalaer  affect  In  honor  of  Dr.  Kalsar  who  flrat  obaarvad  It.  For  many  natala,  tha  Kalaer 
effect  offer*  a  alapla,  yet  effective,  nathod  of  determining  tha  approximate  maxima  atreaaea  to  which  a 
part  or  atructura  haa  bean  subjected. 

Th*  usual  lnatruawntatlon  for  obtaining  acuus.lc  anlaalon  data  conalata  of  aanaora,  amplifier*,  band¬ 
pass  or  hlgh-paa*  filters,  algnal  conditioning  circuits,  and  a  high  frequency  aagnetlc  tape  recorder. 
Auxiliary  lnatnaaantatlon,  to  asalat  In  displaying  and  analysing  tha  algnal* ,  Includes  oscllloecopa* , 
total-count  and  count-rate  devices,  X-T  recorders,  strip-chart  recorders,  audlo-anp 11 f ier-apeeker  monitors , 
and  various  types  of  frequency-spectrum  and  pulse-height  analysers.  Digital  and  analog  conputar*  are 
occasionally  used  for  post- teat  or  raal-tln*  signal  analysis  and  trlar.gulatlon. 

Tha  sensor  which  has  found  th*  widest  us*  In  detecting  acoustic  aadaslon  from  stressed  structure*  la 
tha  accelaronatar.  Although  accalaronstars  hav*  a  Halted  frequency  rcwronsa,  they  ptovlda  a  reliable  ami 
reproducible  output  which  la  of  considerable  value  for  structures  tasting.  Other  sensors  which  have  been 
successfully  used  Include  high-frequency,  ultrasonic -type,  plasoelaetrlc  transducers,  phonograph  cartridges, 
and  crystal  and  capacitive  microphones . 

Throughout  th*  literature,  various  tarn*  are  uaad  Interchangeably,  sonatina*  even  within  a  given  paper. 
Soma  of  the  terns  treated  la  the  literature  aa  being  aynononoua  can  lead  to  confualon.  A  list  of  acouatlc- 
amlaaloo  Jargon  (terminology)  la  presented  below,  the  first  term  is  generally  preferred  and  will  be  uaad 
la  tha  following  chapter. 

Acouatle  lalasloa:  a trass-wsve- emission  (SWt),  acoustic  wav*. 

atraaa  wavs,  acoustic  puls*. 

Continuous  Enter ton:  high-f requsrcy  anlaalon,  q ussi-con tlnoou*  anlaalon 

Aeouatle-Bnlaalott  Bursts!  atraaa -vava -anlaalon  bursts,  jts^s,  pulaa* . 

Mission  Bata:  burst  rats,  pulaa  rata,  count  rata,  a treas-vsve- 

•wiraion  rata,  anlaalon  occurronca  rata,  frequency , 
rapltltioo  rata. 

cotxit ,  puls*  count,  aalaalon  summation,  unbar  of 
amissions. 

55!2,Sf»t?-plltUi-*  •*1,,lDO  h*1*ht>  amplitude. 
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PROOF-TESTING  CONCEPTS 


Cm«  Histories 


Examination  of  failed  rocket  motor  cases  has  Indicated  the  typical  failure  origin  to  be  a  small 
crack  or  crack-like  flaw.  The  flaw  is  sometimes  sufficiently  large  to  cause  fracture  on  Initial  loading 
and  sometimes  it  Is  sc  small  that  the  structure  can  withstand  many  load  cycles  or  a  prolonged  period  of 
sustained  stress  before  the  flaw  attains  critical  size  for  failure.  From  service-failure  analyses.  It 
is  clear  that  fabricated  structures  and  even  raw  materials  contain  defects  of  various  kinds.  Service 
life  therefore  is  controlled  by  (1)  the  Initial  flaw  size,  (2)  the  rate  of  slow  crack  growth  in  the  en¬ 
vironment  of  the  proof  teat  and/or  service,  and  (3)  the  flaw  size  (critical  crack  size)  to  cause  fracture 
at  the  operating  stress.  The  latter  is  determined  by  a  quantitative  measure  of  fracture  toughness.  The 
rate  of  subcritical  crack  growth  and  the  threshhold  stress  intensity  below  which  slow  crack  growth  will 
not  occur  (Kiacc)  are  determi-  •  '  by  laboratory  evaluation  and  can  be  monitored  by  nondestructive  inspection 
based  on  acoustic  emission.  initial  flaw  size  is  estimated  by  quality  control  and  verified  by  proof 

test. 


The  basic  philosophy  of  the  proof  test  is  that  once  a  pressure  vessel  has  withstood  the  proof  pressure, 
subsequent  loading  to  a  lesser  pressure  will  not  produce  failure.  Obviously,  this  assumes  that  there  will 
be  no  fatigue  cracking  in  service  and  no  slow  crack  growth  of  existing  subcritical  defects  due  to  time- 
dependent  mechanisms  such  as  hydrogen,  stress  corrosion  and/or  strain  aging.  However,  experience  shows 
that  without  the  detection  of  acoustic  emission,  failure  can  occur  in  proof  testing  as  a  result  of  unde¬ 
tected  subcritical  crack  growth.  Moreover,  when  a  material  is  susceptible  to  slow  crack  growth,  the  con¬ 
cept  of  the  proof  test  is  invalid;  i.e.,  after  proof  testing,  tankage  can  fall  at  a  lesser  load  if 
stress-corrosion,  strain  aging,  hydrogen  or  cyclic  loading  are  involved  in  service.  There  are  numerous 
examples  to  illustrate  the  fact  of  subcritical  crack  growth  in  proof  testing  as  well  as  in  service. 

Conelder  the  6A1-4V  titanium  second-stage  Minuteman,  a  42-in. -dia  solid-propellant  rocket  motor  case 
which  was  proof  tested  with  inhibited  water  with  three  cycles  of  ninety  seconds  each  to  1.1  of  the  mean 
expected  operating  pressure  (MEOP) .  One  chamber  failed  "prematurely"  during  the  fourth  cycle  (a  test- 
rig  malfunction  of  the  first  cycle  necessitated  a  fourth  cycle  to  proof  pressure).  The  failure  occurred 
after  40  seconds  at  pressure  during  the  last  cycle  of  proof  testing.  Thus,  the  chamber  withstood  a  total 
of  220  seconds  at  maximum  pressure.  The  fabricator's  failure  analysis  reported  that  failure  initiated 
in  the  inside-diameter  surface,  in  the  fusion  and  heat-affected  zone  of  the  center  girth  weld.  No  cracks 
were  found  by  nondestructive  inspection  prior  to  proof  testing.  The  only  explanation  for  such  a  failure 
is  subcritical  crack  growth  during  proof  testing. 

Consider  also  the  alloy-steel  first  stage  solid-propellant  Polaris  rocket  motor  case  which  was  procf 
tested  with  inhibited  water  at  1150  psig  and  held  at  pressure  for  180  seconds,  with  two  or  more  pressure 
cycles.  In  the  early  development  of  the  Polaris,  there  were  numerous  failures  in  proof  test,  and  some 
had  all  the  characteristics  of  subcritical  crack  growth.  One  chamber,  for  example,  failed  after  120 
seconds  at  proof  pressure  on  the  second  test  cycle.  The  chamber  had  been  inspected  by  magnetic-particle, 
dye-penetrant,  radiographic  and  visual  procedures;  all  failed  to  reveal  cracking.  Another  Polaris 
chamber  failed  after  the  second  proof  cycle  during  the  first  few  seconds  of  depressurization ,  after 
withstanding  a  total  of  260  seconds  at  proof  pressure. 

The  above  examples  show  that  incipient  flaws  in  a  pressure  vessel  can  increase  in  size  as  a  result 
of  proof  testing.  The  concern  here  is  not  only  with  those  pressure  vessels  that  fail  during  proof  test 
(an  economic  loss)  but  also  with  those  that  suffer  subcritical  crack  growth  without  failure  in  the  proof 
test.  The  latter  then  enter  service  with  enlarged  cracks  which  may  be  subject  to  additional  slow  crack 
growth  at  service  loads.  However,  if  the  proof  test  does  not  fail  the  pressure  vessel,  and  if  a  system 
is  employed  to  detect  and  locate  flaw(s)  undergoing  subcritical  crack  growth,  the  information  gained 
from  the  proof  test  outweighs  the  damage  done  by  alow  crack  growth.  Furthermore,  with  the  safeguard  of 
acoustic-emission  detection,  proof  testing  significantly  above  the  pressure  anticipated  in  service  can 
be  advantageous.  For  example,  if  a  vessel  survives  the  first  cycle  to  1.5  times  the  mean  expected 
operating  pressure  (1.5  MEOP),  then  the  largest  flaw  that  can  be  present  in  the  successfully  proof- 
tested  tankage  is  smaller  than  that  at  1.1  MEOP(49).  Thus,  a  vessel  which  survives  the  first  cycle  at 
a  proof  pressure  of  1.5  MEOP  ia  less  likely  to  fail  in  service  because  of  the  significantly  smaller 
defects  demonstrated  to  be  present  by  the  proof  test.  However,  if  acoustic  emission  is  not  used  to 
detect  flaw  growth  and  permit  unloading  before  a  crack  reaches  critical  size,  the  higher  proof  pressure 
(1.5  MEOP)  will  increase  the  probability  of  failure  in  the  proof  test  itself. 

The  examples  of  subcritical  crack  growth  cited  in  earlier  paragraphs  involved  high-strength  materials. 
Come  who  are  primarily  concerned  with  lower-strength  materials  may  take  comfort  in  this.  However,  one 
other  example  should  be  considered.  During  the  routine  air-leak  test  of  a  large  steel  pressure  vessel, 
a  catastrophic  brittle  failure  occurred  at  a  pressure  of  about  3,200  psig,  even  though  the  vessel  pre¬ 
viously  had  passed  two  hydrostatic  tests  at  7,500  psig.  The  pressure  vessel  was  in  the  form  of  a 
sausage-shaped  flask,  about  15-ft  long  with  a  19-1/2-in.  inside  diameter  and  a  1-1/4-in.  minimum  wall 
thickness;  it  was  manufactured  in  accordance  with  ASTM  Spec.  A372  Class  4,  modified  to  a  minimum  yield 
strength  requirement  of  80,000  psi.  Investigation  of  the  failure'*0'  revealed  that,  following  the  hydro¬ 
static  tests,  prior  to  leak  test,  the  pressure  vessel  had  bren  galvanized  twice,  including  a  five  to 
eight  hour  warm-acid-stripping  operating  prior  to  the  second  galvanize.  Hydrogen  embrittlement  arising 
from  the  acid  stripping  was  suspected  to  be  a  factor  contributing  to  the  brittle  failure.  Standard 
Charpy  V-notch  impact  tests  revealed  the  15-rt-lb  transition  to  be  plus  100*F  and  the  FATT  to  be  plus 
125*F;  the  drop-weight  NOT  was  approximately  plus  80*F.  Thus,  the  brittle  condition  of  the  steel  was 
confirmed  by  the  high  transition  temperatures  of  the  pressure-vessel  material.  Nevertheless,  the  failure 
was  considered  to  be  unusual  Inasmuch  as  the  pressure  vessel  had  successfully  passed  two  cycles  of  proof 
test  to  7,500  psig  and  then  failed  at  3,200  psig  in  a  routine  air-leak  test. 


Aluminum  also  has  been  involved  in  slow-crack-growth  proof-test  failures.  On  1  December  1966, 
a  Saturn  S-XX  liquid  hydrogen  tank  (CBTT)  fabricated  of  2014-T6  aluminum  ruptured  at  33.4  psig  (measured 
at  the  apex  of  the  dome),  damaging  the  common  bulkhead  assembly  beyond  repair.  The  CBTT  margin  of  safety 
was  based  on  39  psig  at  room  temperature  measured  at  the  forward  bulkhead  apex.  The  failure  initiated 
in  the  LH2  tank  wall  from  an  undetected  crack  in  a  recirculation-pump  mounting  boas.  A  study  of  the 
cyclic  history  of  the  CBTT  up  to  the  time  of  failure  revealed  prior  cycles  to  higher  pressure  than  the 
cycle  that  produced  failure*53*.  The  maximum  pressure  achieved  in  the  failure  cycle  at  room  temperature 
was  45.5  psig  (measured  at  the  point  of  failure).  A  higher  pressure  of  47.1  pcig  (measured  at  the  same 
point)  had  been  reached  in  a  prior  liquid-nitrogen  (LH2)  certification  test  of  the  forward  liquid- 
hydrogen  bulkhead.  Thus,  the  CBTT  experienced  highest  pressure  in  the  LN2  testing,  but  failed  at  a 
lower  pressure  under  hydrostatic  testing  in  water  at  room  temperature.  The  tank  failed  under  a  rising 
pressure;  88  minutes  were  involved  in  rising  from  30  psig  to  failure  at  38.4  psig  (0.6  psig  below  the 
intended  maximum  test  pressure  of  39  psig).  This  was  the  only  pressurization  with  water  subsequent  to 
component  proof  testing. 

The  prior  cycles  at  liquid-nitrogen  temperature  would  have  caused  catastrophic  propagation  of 
the  existing  cracks  in  a  material  embrittled  by  cryogenic  temperature;  i.e.,  in  many  structural  materials 
at  liquid-nitrogen  temperature,  the  fracture  toughness  would  be  lower,  and  with  pressurization  the 
critical  crack  size  would  have  been  reached,  producing  unstable  crack  propagation.  Thus,  in  many  materials, 
proof-testing  at  cryogenic  temperature  is  more  severe  than  proof  testing  at  room  temperature.  However, 
in  2014-T6,  which  does  not  suffer  a  transition  temperature,  proof  testing  in  LN^  was  less  severe  than 
proof  testing  in  water  at  room  temperature. 

Based  on  an  investigation  of  the  failure it  was  concluded  that  flaws  similar  to  those  found 
in  the  CBTT  recirculation-pump  mounting  boss  may  exist  in  flight  hardware.  These  could  propagate  to  failure 
during  the  S-II  life  cycle  unless  detected  and  removed.  In  this  connection,  it  was  noted  that  failure  of 
the  CBTT  did  not  initiate  in  the  regions  of  the  LH2  tank  cylinder  longitudinal  weldments ,  which  were  pre¬ 
dicted  by  analysis  to  be  the  most  critical  structural  area  and  were  the  basis  on  which  test-pressure 
limitations  had  been  established.  Based  on  stress  analysis,  it  was  reported  that  the  recirculating-pump 
mounting  area  was  under  sufficiently  low  stress  to  have  precluded  failure  in  sound  material,  unless 
(a)  an  unknown  flaw  of  critical  size  existed  which  was  not  detected  by  the  original  inspection  techniques, 
or  (b)  an  unknown,  low-cycle,  high-stress  life  cycle  limit  has  been  exceeded.  The  possibility  of  slow- 
crack  growth  as  the  result  of  stress  corrosion  cracking  in  water  was  not  discussed. 

A  260-IN.  DIAMETER  SOLID-PROPELLANT  ROCKET  MOTOR  chamber  fabricated  from  air-melted  grade-250, 

18%  nickel  maraglng  steel,  using  the  submerged-arc-welding  process*53*,  failed  in  proof  test  at  56%  of 
the  proof  pressure  due  to  undetected  flaws.  Thus,  the  proof  test  was  "successful"  in  revealing  the 
undetected  flaws,  but  at  great  cost. 

The  chamber  consisted  of  a  260-in. -dia  cylindrical  section  approximately  510-in.  long  between 
the  forward  and  aft  equators,  a  hemispherical  forward  head  and  a  hemispherical  aft  head  with  a  183-in. - 
dia  nozzle  attachment  flange.  The  nozzle  shell  attached  to  the  chamber  during  hydrotest  was  approximately 
114-in.  long  with  a  minimum  dia  of  76  in.  and  an  aft  dia  of  112  in.  The  overall  length  of  the  chamber 
and  nozzle-shell  assembly  was  approximately  71.5  feet. 

The  findings  of  an  Investigating  Committee*53*  showed  that  the  failed  case  design  was  based  on 
a  plate  yield  strength  of  230,000  psi  and  a  weld  efficiency  of  90%  for  a  design  strength  in  the  welds  of 
207,000  psi.  Using  a  factor  of  safety  of  1.3  for  the  welds  resulted  in  a  nominal  plate  thickness  of 
0.73-in.  in  the  cylindrical  section  and  0.477-in.  in  the  hemispherical  domes.  In  the  weld  area,  a  mis¬ 
match  of  10%  of  the  thickness  was  allowed,  but  it  was  not  to  exceed  0.060-in.  The  eccentricity  of 
membrane  forces  from  this  mismatch  in  a  longitudinal  weld  results  in  an  elastic-stress  magnification 
factor  of  1.25. 

The  hydrotest  fluid  was  water  Inhibited  by  the  addition  of  0.73  lb  of  sodium  dlchromate  in  each 
1000  gal  of  water,  with  a  caustic  sods  addition  to  achieve  pH  neutrality.  The  water  was  heated  by  the 
addition  of  steam  during  filling  to  give  a  temperature  of  approximately  62*F. 

The  maximum  hydroteat  pressure  planned  was  960  pal,  10%  above  the  maximum  expected  operating 
pressure  of  the  motor.  An  initial  300-psl  pressurization  permitted  instriszentatlon  and  pressurization 
system  checkout,  while  a  second  350-psi  pressurization  verified  the  status  of  the  instrumentation. 

During  the  final  pressurization,  there  were  5  minute  holds  at  300  to  500  psi  in  order  to  record  strain- 
gage  readings. 

Failure  of  the  chamber  occurred  at  542  psi  (approximately  56  percent  of  proof  pressure) .  Investi¬ 
gation  showed  that  the  failure  originated  from  a  defect  that  was  not  detected  by  nondestructive  inapactlon 
prior  to  aging.  There  was  no  nondestructive  inspection  between  aging  and  hydrotest.  The  defect  causing 
the  failure  was  in  the  heat-affected  zone  of  a  longitudinal  submerged-arc-weld  on  tha  cylindrical  section 
of  the  motor  case.  The  area  where  the  defect  was  located  had  been  repaired  by  a  manual  tungsten-arc  inert- 
gas  (TIG)  weld.  The  defect,  which  was  submerged  within  the  vessel  wall  and  oriented  longitudinally,  was 
approximately  1.4-in.  long  and  had  a  depth  of  about  0.10  in.  Four  other  undetected  defects  of  significant 
alee  were  discovered  after  tha  motor  caae  failure.  All  of  these  defects  wars  also  locsted  beneath  manual 
TIG-weld  repairs.  The  presence  of  undetected  defects  in  weld-repair  regions  is  unexpseted  since  weld 
repairs  are  normally  subjected  to  extraordinary  quality  control.  One  of  these  defects,  which  was  in  the 
same  longitudinal  weld  as  the  defect  causing  the  motor-case  failure,  was  involved  in  the  fracture  as  a 
secondary  origin.  The  other  defects  were  discovered  during  relnspectlon  of  all  welds  by  nondestructive 
testing  techniques  after  hydroburst. 

Stress  intensity  values  (Kij)  were  calculated  for  both  defects  at  the  fracture  origin  by  Tiffany 
and  Masters*5*'.  An  analysis  of  the  stress  field  in  the  vicinity  of  the  fracture  origin  Indicated  a  maxi¬ 
mum  hoop  fiber  stress  at  the  primary  origin  to  be  95  ksl  plus  or  minus  the  bending  stress  (13  kai)  for  the 
cusp.  Using  this  assumed  stress  and  the  dimensions  of  tha  "clean"  origin,  gave  a  maximum  applied  stress 
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intensity  of  55  ksi-in.1/2.  Boeing  Company  tests  of  submerged-arc-veld  test  plates  supplied  by  the  cham¬ 
ber  fabricator  indicated  the  plane-strain  fracture  toughness  (Kic)  as  measured  from  tests  of  surface-flaw 
specimens  to  be  approximately  55  kai-in.  '2  at  the  yield  strength  of  215  to  220  ksi^-).  Thus,  the  proof 
test  failure  of  this  chamber,  unlike  any  of  those  previously  described,  did  not  require  slow  crack  growth 
to  produce  failure;  the  proof-test  failure  was  the  result  of  an  undetected  flaw  exceeding  the  critical 
crack  size  at  the  failure  pressure*. 

Fracture-Mechanics  Concepts  In  Proof  Testing 

Positive  assurance  of  the  structural  integrity  of  pressure  vessels  depends  upon  determination  of 
(1)  the  initial  flaw  size,  (2)  the  rate  at  which  pre-existing  flaws  grow  under  operating  conditions,  and 
(3)  the  maximum  flaw  size  the  material  can  tolerate  under  operating  conditions.  Before  proof  testing,  the 
only  basis  for  estimating  the  Initial  flaw  size  is  a  knowledge  of  the  quality-control  procedures  employed 
during  fabrication.  For  example,  if  X-ray  is  the  nondestructive  inspection  method  used,  then  the  largest 
undetected  crack  in  the  pressure  vessel  at  the  time  of  proof  testing  might  be  estimated  as  being  2  percent 
of  the  thickness.  If  the  critical  crack  size  at  the  proof  pressure  is  less  than  2  percent  of  the  wall 
thickness,  then  the  pressure  vessel  may  fail  during  proof  test.  (With  acoustic  emission  as  a  nondestruc¬ 
tive  inspection  method  employed  during  proof  test,  one  should  be  able  to  detect  the  growth  of  such  a  defect 
at  loads  well  below  the  proof  pressure  and  discontinue  the  proof  test  before  failure  occurs.)  If  the 
pressure  vessel  does  not  fail  in  proof  test,  i.e.,  if  there  are  no  cracks  in  the  pressure  vessel  of  criti¬ 
cal  size  at  proof  pressure,  then  one  can  estimate  the  largest  flaw  at  the  start  of  service  to  be  no  larger 
than  the  critical  crack  size  at  the  proof  pressure.  This  then  is  the  estimated  initial  flaw  size. 

With  pressure  cycling  and/or  time  at  stress ,  an  initial  flaw  may  grow  until  it  reaches  critical  size 
at  the  operating  stress  level.  The  pressure  vessel  will  then  fail  catastrophically  or  develop  a  leak. 

The  flaw-growth  potential  (in  Inches)  is  equal  to  the  critical  size  minus  the  Initial  size.  The  life  of 
the  vessel  is  directly  dependent  upon  this  flaw-growth  potential  and  the  subcritical-flaw-growth 
characteristics  of  the  tankage  material. 

Determination  of  the  initial  flaw  size  generally  relies  upon  the  use  of  nondestructive  Inspection 
procedures;  however,  the  conventional  proof  test  can  be  one  of  the  most  positive  inspection  procedures 
available,  if  used  in  conjunction  with  linear  elastic  fracture  mechanics.  A  successful  proof  test  actually 
defines  the  maximum  possible  initial  flaw  size  that  exists  in  the  vessel.  This  results  from  the  following 
functional  relationship  between  stress  level  and  flaw  size  as  defined  by  the  critical  stress  intensity  (Kic) 

KIc2  -  1.21TT  (a/Q)F2 

where  a  is  the  depth  of  a  part  through  crack,  Q  is  the  flaw  shape  normalizing  factor,  and  F  is  the  applied 
stress. 

(49) 

Tiffany  and  Pall  point  out  that  the  critical  flaw  size  at  the  proof-pressure  stress  level  may  be 
regarded  as  the  largest  possible  initial  flaw  size  that  can  be  retained  by  the  pressure  vessel  before  it 
enters  service.  If  the  proof  pressure  is  equal  to  0. times  the  operating  pressure,  it  can  be  seen  that  for 
"thick-walled"  vessels,  the  criticsl  flaw  size  at  the  proof  streos  level,  (a/Q)cr-proof ,  or  the  maximum 
possible  initial  flaw  alee  at  the  operating  stress  level,  msx(a/Q)t-oper »  i»  «»  follows! 

<#/Q)«  proof  "  »»*  Weeper  ”  LKIc/  aFop.r]  2/1*21  V 
and  the  critical  flaw  size  at  the  operating  stress  level  isi 

(*/Q)«opsr  "  [Klc/Fop.r]2^*2l7T 

The  ratio  of  the  maximum  possible  initial  flaw  size  to  the  critical  size  is  then 

max  (a/Q)t/(a/Q)cr  -  1/a2 

For  example,  if  a  vessel  successfully  passes  a  proof  test  of  1.1  MEOP,  the  maximum  initial  flaw  size  which 
can  exist  immediately  after  the  test  is  no  larger  than  1/1. I2  or  83%  of  the  critical  size  at  the  operating 
pressure.  Failure  of  the  vessel  would  occur  when  and  it  the  flaw  grows  from  this  initial  value  to  the 
critical  value  at  the  operating  pressure. 

The  growth  of  auborltioal  flaws  has  been  found  to  be  primarily  a  function  of  the  magnitude  of  the 
initial  stress  intensity  ae  compared  to  the  critical  value.  After  a  successful  proof  test,  the  maximum 
possible  initial  stresa  intensity  in  any  one  given  area  of  the  vessel,  as  compared  to  the  critical  value 
in  that  same  area,  is  as  follows! 


max  KIt  .  (1.21TT  )l/2F«p„  (a/Q)i00.rl/2  .1 

“  a.CTW?^;-a-('.7^4j/2  a 

Consequently,  with  experimentally  determined  critical  stress  intensity,  and  cyclic  and  sustained-stress 
flaw  growth  data  for  the  vassal  materials  (parent  metal,  welds,  etc.),  the  maximum  operational  life  of  the 
vessel  can  be  determined'"’1'. 


*  Two  260-in. -die  motors,  fabricated  by  Aerojet  from  vacuum-arc-remelted  grade-200  18X  nickel 
outraging  steel  have  been  successfully  proof  taated  in  inhibited  water,  pressurised  at  50  pslg  per 
min  to  200,  300,  400,  500,  and  600  peig,  held  for  120  seconds  at  each  pressure,  then  raised  to 
738  pslg  proof  pressure  for  120  aaconda,  all  in  one  cycle.  Fracture  toughness  measurements  indi¬ 
cated  Kjc  value  over  3  times  higher  (165  ksl-ln.1'2)  than  measured  in  the  failed  chamber. 


It  is  important  to  note  that  the  validity  of  the  minimum  life  prediction  (and  the  proof  test  factor 
determination)  is  not  dependent  upon  accurate  knowledge  of  the  actual  applied  stress  levels  in  the  vessel 
nor  the  absolute  fracture  toughness  values ,  both  of  which  will  vary  throughout  the  pressure  vessel •  The 
accuracy  of  the  life  prediction  is  dependent  only  upon  the  validity  of  the  flaw-growth  data.  This,  of 
course,  emphasizes  the  importance  of  careful  simulation  of  service  environment  in  the  laboratory  flaw- 
growth  tests  and  the  need  for  determining  the  component  of  the  tank  (i.e.,  weld,  forging,  plate,  etc.) 
which  will  exhibit  the  highest  flaw-growth  rates 

Previously  cited  examples  of  proof-test  failures  during  periods  of  sustained  pressure  or  as  a  result 
of  multiple  cycles  have  demonstrated  that  initial  flaws  or  defects  in  a  vessel  may  be  Increased  in  size 
by  proof  testing  and,  thus,  the  actual  operational  life  of  the  vessel  can  be  somewhat  less  after  the  proof 
test  than  it  was  before.  However,  if  the  pressure  vessel  survives  the  proof  test,  the  information  gained 
from  the  proof  test  far  outweighs  the  damage  that  may  have  beer,  done  by  flaw  growth. 

For  materials  that  are  sensitive  to  environmentally  Induced  flaw  growth  (and  moat  materials  are 
affected  to  some  degree),  the  test  media  and  test  duration  are  Important  considerations.  For  example,  a 
number  of  high-strength  motor-case  steels  have  been  found  to  be  very  sensitive  to  flaw  growth  in  water 
and  proof-test  failures  have  occurred  as  a  result  of  flaw  growth  during  pressurization  and/or  during  the 
period  of  sustained  load  at  proof  pressure.  Although  it  might  have  been  possible  to  eliminate  these 
failures  by  use  of  a  faster  pressurization  rate  and  immediate  depressurization  upon  attaining  the  proof- 
pressure  level,  it  is  apparent  a  corrosion-inhibited  test  media  is  highly  desirable.  Prior  to  the  final 
selection  of  a  test  media  to  be  used  in  the  proof  test,  it  is  Important  to  perform  sustained-stress  flaw- 
growth  tests  in  the  proposed  media  to  assure  that  flaw  growth  during  proof  testing  will  not  be  a  major 
problem. 

Also,  it  appears  that  there  is  very  little  to  be  gained  by  holding  the  chamber  at  the  proof-test 
pressure  any  longer  than  is  necessary  to  assure  that  the  required  level  is  attained.  While  it  can  be 
argued  that  if  the  pressure  is  held  for  a  long  enough  time,  the  maximum  possible  initial  flaw  size  is  that 
size  corresponding  to  the  threshhold  stress  intensity  (Kiscc)  for  the  chamber  material  in  the  hydrotest 
environment,  this  is  not  a  safe  assumption.  Initial  flaws  which  have  a  stress  Intensity  only  slightly 
above  the  threshhold  value  can  still  grow  nearly  to  critical  size  and  not  fail,  regardless  of  the  duration 
of  the  proof  test^)« 

Also,  in  general,  very  little  can  be  gained  by  performing  multiple-proof-teat  cycles.  Actually,  the 
cycles  performed  subsequent  to  the  first  cycle  may  do  needless  damage  to  the  vessel  as  a  result  of  cyclic 
flaw  growth.  In  effect,  multiple-proof-test  cycling  is  a  low-cycle  fatigue  test  with  a  known  ratio  of 
applied  stress  intensity  to  critical  stress  intensity 

hl'hc  ‘  1/tt 

or  for  proof  testing  at  1.1  MEOP, 

*11  “  °-91KIc 

This  assumes  an  undetseted  surface  flaw  just  short  of  critical  size  at  proof  pressure.  Since  fatigue  crack 
growth  rate  is  strongly  dependent  upon  the  magnitude  of  the  maximum  applied  stress  intensity  as  compared 
to  the  critical  stress  intensity,  one  would  expect  a  high  fatigue  crack  growth  rats  in  most  metals  at 


Consider,  on  the  other  hand,  proof  testing  at  1.5  MEOP,  If  a  vessel  survives  the  first  cycle  to  1.5 
MEOP,_  then  the  largest  flaw  that  can  be  present  in  the  proof-tested  vessel  is  smaller  than  that  at  1.1  MEOP 
and,  consequently,  the  maximum  applied  stress  intensity  in  proof  tasting  at  1.5  MEOP  is 

MEOP  "  °’67  Klc 


Thus,  a  vessel  which  survives  tha  first  cycle  at  a  proof  pressure  of  1.5  MEOP  is  lass  likely  to  see  signi¬ 
ficant  crack  growth  in  multiple  proof-test  cycling  than  a  vessel  proof  tested  at  1.1  MEOP.  However,  the 
higher  proof  pressure  (1.5  MEOP)  will  increase  the  probability  of  failure  in  the  first  cycle  of  proof  test. 

Prom  the  above  discussions,  it  is  apparent  that  slow  crack  growth  is  an  Important  consideration 
in  determining  pressure-vessel  performance.  Extensive  studies  have  been  undertaken  to  investigate  slow- 
crack-growth  phenomena;  these  are  discussed  later  in  this  chapter.  Moreover,  acoustic  amission  is  shown 
to  ba  a  unique  nondestructive  test  method  for  use  in  hydrotsst  both  to  detect  slow  crack  growth  during 
proof  test  and  to  provide  a  precursor  of  crack  instability. 


When  a  pressure  vessel  falls  on  rising  load  before  reaching  the  proof  pressure,  the  failure  Is 
caused  by  a  defect  that  escaped  nondestructive  inspection;  i.e.,  a  defect  of  critical  size  at  the  failure 
prsssura,  When  a  pressure  vessel  falls  during  a  period  of  sustained  load  at  thr,  proof  pressure  or  falls 


on  rising  load  after  previously  sustaining  one  or  more  proof  cycles,  there  Is 
than  slow  crack  growth. 


known  explanation  other 


Research  on  slow  crack  growth  based  on  acoustic  emission  has  demonstrated  both  the  utility  of 
acoustic  emission  for  monitoring  ersek  growth  end  the  various  mechanisms  producing  slow  crack  growth.  Of 
the  mechanisms  Investigated,  hydrogen  and/or  stress-corrosion  cracking  are  ths  most  likely  causes  of  slow 
crack  growth  during  proof  test.  Spontaneous  strain  aging  also  should  be  suspect  in  any  proof  test  involving 
even  slightly  elevated  temperature. 


Unfortunately,  tha  concept  of  proof  test  is  not  valid  if  after  proof  test  there  is  alow  crack 
growth  In  the  preasure  vessel  In  storage  or  In  service.  Likewise,  ths  concept  of  proof  test  Is  not  valid 
If  there  Is  an  embrittlement  of  ths  plastic  zona  formed  at  ths  flaw  boundary  during  proof  teat,  so  that  on 
reloading  to  MEOP  In  service  there  Is  a  sudden  extension  of  the  crack. 
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Slow  crack  growth  can  occur  in  the  period  between  proof  testing  and  service  loading  as  a TJesult 
of  hydrogen  embrittlement  and/or  stress-corrosion  cracking  if  there  is  sufficient  Internal  pressure  and/ 
or  residual  welding  stresses  to  produce  such  growth  while  in  storage.  Furthermore,  if  there  are  cracks 
which  do  not  reach  critical  size  in  proof  testing,  the  plastic  zone  formed  at  1.1  MEOP  may  be  subject  to 
embrittlement  during  storage  if  there  is  elevated  temperature  involved  in  the  storage  (strain  aging). 

If  the  critical  crack  size  (acr)  at  the  service  MEOP  is  equal  to  or  less  than  the  sum  of  the  crack  length 
present  after  proof  test  and  the  plastic-zone  oicmeter  (2  ry) , 

^cPl.O  MEOP  <  (acPl.l  MEOP  +  2  ry 

the  pressure  vessel  will  fail  at  or  before  reaching  the  service  MEOP  if  the  plastic  zone  is  embrittled 
during  storage. 

In  the  proof  test,  itself,  since  there  is  no  way  to  know  how  large  a  defect  may  be  present  et 
the  start  of  the  test,  there  is  no  way  to  calculate  the  amount  of  slow  crack  growth  that  can  be  tolerated 
during  proof  test.  Therefore,  it  is  essential  that  one  carefully  Inspect  for  defects  before  starting  the 
proof  test,  and  make  sure  that  the  proof-test  environment  will  inhibit  stress-corrosion  cracking.  Because 
neither  nondestructive  inspection  nor  control  of  hydrotest  environment  provides  assurance  of  "zero  defects", 
there  is  a  very  real  need  for  an  Inspection  method  that  will  provide  positive  information  on  slow  crack 
growth.  Acoustic  emission  provides  such  a  method. 


ACOUSTIC  EMISSION  AS  A  NONDESTRUCTIVE  INSPECTION  METHOD 


Low  Cycle  High-Stress-Intensity  Fatigue 

In  practice,  conventional  nondestructive  inspection  is  not  as  reliable  as  one  might  expect. 
Experience  has  shown  that  occasionally  a  dangerous  flaw  will  escape  detection  and  cause  premature  failure 
in  service.  Some  of  these  flaws  are  detected  in  proof  testing;  if  the  proof  test  is  "successful"  the 
structure  is  destroyed  in  proof  test  before  it  gets  into  service.  However,  not  all  structures  are  suit¬ 
able  for  proof  testing  (an  airplane  wing,  for  example).  Furthermore,  proof  testing  may  cause  aubcritlcal 
crack  growth,  and  sometimes  subcritlcal  crack  growth  occurs  In  service  after  proof  test.  Obviously, 
however  thorough  and  effective  the  conventional  nondestructive  Inspection  method,  subcritlcal  crack  growth 
is  a  serious  complication  to  quality  control.  Fatigue  is  one  of  the  best  known  mechanisms  of  subcritlcal 
crack  growth. 

Harris,  Dunegan  and  Tetelman^55^  have  discussed  the  prediction  of  fatigue  life  by  the  combined 
use  of  fracture  mechanics  and  acoustic  emission.  They  proposed  periodic  proofing  to  loads  greater  than 
the  working  load  while  simultaneously  monitoring  for  acoustic  emission.  Prediction  of  fatigue  life  is 
based  on  the  observation  that  acoustic  emission  from  a  crack  is  directly  related  to  the  stress-intensity 
factor,  aa  also  is  the  fatlgue-crack-growth  rate  and,  therefore,  it  is  possible  to  directly  correlate 
acoustic  emission,  crack  growth  and  number  of  fatigue  cycles. 

Electron  fractography  has  provided  much  Information  on  how  fatigue  cracks  grow.  However,  the 
expense  of  electron  fractography  both  in  terms  of  equipment  and  skill  required,  severely  limits  the  use 
of  this  tool.  The  use  of  stress-wave  amission  promises  to  be  much  cheaper  and  provides  a  dynamic  real¬ 
time  measurement  of  crack  growth.  Coupling  the  two  techniques,  electron  fractography  and  stress-wave 
emission,  will  greatly  enhance  both  methods. 

A  need  for  more  detailed  information  on  the  fatigue  cracking  process  has  been  recognized  for 
over  a  decade.  Waibull''6)in  1961  discussed  this  subject.  "In  any  fatigue  damaging  process,  continued 
until  final  rupture,  various  stages  of  quite  different  character  can  be  distinguished.  From  an  engineering 
aspect,  it  may  be  convenient  to  divide  the  process  into  an  initiation  period,  ending  with  the  appearance 
of  a  visible  crack,  and  a  propagation  period,  snding  with  the  final  rupture". 

Studies  of  crack  growth  based  on  the  appearance  of  fracture  surfaces  also  were  discussed  by 
Christensen'*''  in  1961.  Findings  from  such  studies  "...support  tha  general  conclusion  that  the  crack- 
propagation  phase  of  fatigue  damage  is  more  predictable  and  less  subject  to  scatter  than  the  crack  nuc- 
leetlon  phase.  Moat  scatter  in  fatigue  data  results  from  scatter  in  the  micro-crack  nuclestion  period... 
The  transition  from  crack  nudeatlon  to  the  crack  propagation  phase  is  a  rather  difficult  and  complex 
stage  for  which  limits  should  be  defined.  Although  this  has  been  recognised  and  discussed  by  many 
researchers,  the  point  of  view  taken  here  is  based  on  field  experiences  where  it  has  been  found  that  a 
crack  one-fourth  inch  to  ona-half  inch  long  is  about  tha  smallest  flaw  that  can  be  readily  detected  in 
working  etructurea.  This  is  reasonable  for  structures  composed  of  many  members  and  alternate  load  paths. 
Moreover,  it  may  be  fortunate  that  most  metals  research  programs  have  taken  this  practical  viewpoint  of 
assuming  the  existence  of  cracked  masters.  In  the  later  stages  of  cracking  which  tha  daslgner  encounters 
ha  is  far  more  concerned  with  crack  growth  and  fracture  characteristics  in  structures  than  with  the  orack 
nucleating  period.  On  the  other  hand,  the  designer  must  also  focus  hie  attention  on  crack  nudeatlon  in 
his  efforts  to  design  fatigue  resistant  etructurea,  Nsvarthsless,  it  is  well  to  separate  the  two  pheno¬ 
menon  for  study.  Unless  fatigue  data  are  properly  evaluated  and  separated  in  these  respects,  it  becomes 
too  diluted,  and  gives  rise  to  more  speculation  than  understanding". 

It  is  interesting  to  note  that  Chrletenstn  was  one  of  the  first  to  use  stress-wave  emission  in 
the  study  of  cracking.  At  tha  Cranfleld  Symposium  in  1961,  Christensen  described  his  setup  for  measuring 
microsounds  that  accompany  mlorocracklng  in  stressed  metal  as  follows;  "As  the  microcrack  occurs,  it  sets 
up  a  vibrational  wave  that  propagates  through  the  metal.  A  crystal  accelerometer,  cemented  to  the  test 
panel  in  a  direction  perpendicular  to  the  loading,  picks  up  this  component  of  the  wave  motion  traversing 
tha  panel  in  tha  same  manner  aa  a  seismograph  in  recording  earthquakes.  The  magnitude  of  the  early  micro- 
cracks  that  were  recorded  in  this  particular  test  were  in  the  order  of  0.006  g'e.  These  micro  metal  quakes 
can  be  converted  into  sound  pressures  and  received  on  conventional  headsets.  Xf  a  value  of  zero  db  is 


considered  as  the  threshhold  of  unaided  hearing  and  80  db  the  level  of  normal  conversation  then  this  will 
represent  a  latitude  from  1  to  10,000.  The  micro  sounds  that  have  been  recorded  In  experiments  are  be¬ 
lieved  to  be  far  below  this  threshhold  value  and  therefore  the  magnification  has  been  many  times  more 
than  10,000.  The  physical  significance  of  these  observations  is  that  the  occurrence  and  generation  of 
heretofore  undetected  cracks  were  probably  formed  very  early  in  the  useful  life  of  structures.  The  growth 
and  extension  of  such  cracks  then  will  increase  with  the  continued  use  of  randomly  loaded  parts  or  members. 
To  date  these  studies  have  indicated  that  microcracking  can  occur  on  the  application  of  a  load  as  low  as 
25%  of  the  load  that  would  normally  fracture  the  part.  Of  equal  significance  is  the  fact  that  this  was 
observed  in  the  relatively  notch-resistant  material,  RENE'  41. 

"It  is  possible  that  with  the  aid  of  more  sensitive  equipment,  microcracking  can  be  detected 
at  much  earlier  stages  than  reported  here.  It  may  also  be  practical  to  use  this  technique  to  prove  the 
existence  of  an  early  crack  formation  period  in  elevated  temperature  fatigue.  This  technique  also 
suggests  a  method  for  detecting  and  evaluating  microcracking  during  proof  loading  of  manufactured  parts . 

For  example,  from  the  frequency  of  the  microcrack  sounds  that  occur  during  the  loading  to  destruction  of 
a  few  typical  flash-welded  parts  it  may  be  possible  to  classify  marginal  parts  for  service  use.  Having 
established  t  level  of  reliability  in  this  manner,  all  subsequent  proof-tested  parts  then  will  have  far 
greater  degrees  of  confidence  for  prolonged  service  use". 

Much  has  been  said  about  sporadic  crack  growth  in  fatigue.  For  example,  with  programmed  load¬ 
ing,  it  has  been  observed  that  in  certain  instances,  when  stepwise  loading  is  decreasing,  there  is  a 
delay  before  crack  propagation  resumes,  and  when  the  stepwise  loading  is  increasing,  cracks  propagate 
immediately  and  apparently  at  a  greater  rate  than  would  be  otherwise  expected.  Also,  periods  of  constant 
load  at  elevated  temperature  may  be  attended  by  creep  which,  on  resumption  of  cyclic  loading,  sometimes 
causes  a  pronounced  decrease  in  the  rate  of  crack  growth  for  a  short  period  of  time.  These  phenomena  can 
be  studied  using  acoustic  emission  in  greater  detail  than  heretofore  possible  on  a  cycle-to  -cycle  basis. 


The  application  of  acoustic  emission  for  the  detection  of  fatigue  crack  growth  has  been  investi¬ 
gated  at  Aerojet*®®) .  The  materials  involved  in  the  study  of  acoustic  emission  from  low-cycle,  high- 
stress-lntenslty  fatigue,  as  shown  in  Table  1,  included  D6aC  tempered  at  600  and  1100°F  and  7075-T6 
aluminum. 


Table  1.  Materials  and  Properties 


Material 

Modulus 
pel  x  106 

Yield 

Strength 

cEUr ' 

Toughness 
*ZcM  1 

D6aC 

30 

4" 

600  temper 

230 

58 

1100  temper 

200 

108 

7076-T6 

10,4 

80 

31 

(a)  Plane-strain  toughness  based  on  COD  pop-ln  in  SEN-tenslon 

(b)  Apparent  fracture  toughness  st  fsilurs  load  for  0.1-ln. 
thick  material 

Test  Procsdurs.  The  acoustic  amission  system  used  in  this  study is  shown  in  Figure  1, 

The  test  specimen  was  the  precracked  elngle-edge-notch  tension  specimen  (ass  Figure  2).  Grose  cracking 
wee  monitored  by  meana  of  the  crack-opening-displacement  (COD)  gage,  while  microcracking,  cycle-by-cycle, 
was  monitored  with  acoustic-emission  sensors.  The  seniors  wars  bonded  to  the  test  specimen  using  quarts 
wax.  The  gain  wee  increased  st  the  totalise?  until  the  background  noise  level  was  within  a  few  milli¬ 
volts  of  the  threshhold  acoustic-emission  level.  The  output  signals  of  the  totalise?  and  the  COD  gage 
were  recorded  on  a  strip  chart.  The  COD  gage  had  e  aenaitivity  of  0.001 3-in.  whan  recordad  on  the  10-in. 
wide  atrip  chart.  With  a  dual-pan  etr  -chart,  it  was  a  simple  matter  to  determine  where  in  the  load 
cycle  the  burets  of  strase-wave  amission  occurred.  This  is  Illustrated  in  Figure  3  using  data  from  D6nC 
(600*F  temparad)  tptclman  6842.  Note  that  the  "«”*  r» cording  the  COD  wee  0.1  in.  behind  the  pen  recording 
the  etreee-wave  emisalon  count.  The  arrows  in'ismis  m>  position  on  the  COT  record  where  cracking  started 
in  each  cycle. 

A  closed-loop  Matarial*  Taat  Syatam  (MTS)  was  us-> '  to  fatigue  tost  SEN-tension  specimens  at 
six  (6)  cycle*  par  minute.  The  single -edge-notch  (SEN)  tension  specimens  consisted  of  3  x  12-in.  panels 
containing  an  electrlc-dlscharge-machined  edge  notch,  extended  and  sharpened  by  tension-tension  fatigue. 
The  stress  intensity  for  the  fatigue  >raaracktng  operation  was  approximately  ona-half  the  estimated 
critical  plane-strain  stress  intsnpit.'  (Fr0).  The  stress  intensity  was  calculated  from  the  expression 
published  by  A8TM  Committee  E24iWj  vie.. 


Kj  •  V  P  al/2/BW 

where  Y  -  1.99  -  0,41  (e/W)  +  18.70  (#/W)2  -  38.48  (a/V)3  +  33,85  (a/W)4,  P  -  load,  a  •  craok  length, 

B  ■  specimen  thickness,  end  W 1  »  specimen  width.  Each  specimen  wee  first  step  loaded~to  provide  in-cast 
calibration  of  the  COD  gagei®0'  and  to  determine  the  noise  level  st  load.  The  set  point  (gain)  of  the 
emission  totallser  wee  determined  at  the  maximum  load  for  cyclic  testing.  The  specimen  wee  then  unloaded 
to  the  assn  cyclic  load,  all  Instrumentation  cheeked,  end  then  the  cyclic  loading  started.  In  general, 
maximum  load  corresponded  to  the  COD  devlation-from  linearity. 


OSCILLOSCOPE 


Figure  1.  Acoustic  Emission  Monitoring  System  for  Low-Cycle  Hlgh-Stress- 
Intensity  Fstlgue 


Teat  IlMalti  -  D6aC  StMl.  Spselaana  of  D6eC  ocool  In  two  thlckneaaaa  and  two  tempering  cotidl- 
t lotto  woro  tootod  In  low-cycle  hlgh-atraaa  intensity  fatlgu*.  Tha  D6aC  ataal  waa  obtalnod  In  tha  alll 
aoaaalad  condition  aa  0.1  In.  and  0.3  In.  thick  aurfaca-ground  ahaat  and  plata.  Tha  chaaleal  coapoaltlon 
(walght  parcant)  and  haat  ntaabers  of  aach  ara  ahown  balow. 


Thlckaaaa 

Haat 

C 

Hn 

SI 

? 

8 

Hi 

Cr 

Kn 

y 

0.1-la. 

3910262 

0.43 

0.75 

0.21 

0.004 

0.005 

0.55 

1.08 

0.99 

0.09 

Check  0,1 

0.47 

0.70 

0.23 

- 

- 

0.34 

1.08 

0.94 

0.12 

0.>-le. 

3932092 <a> 

0.46 

0.74 

0.23 

0.003 

0.006 

0.56 

1.07 

1.00 

0.09 

Chock  0,5 

0.49 

0.78 

0.23 

. 

. 

0.31 

1.01 

0.97 

0.09 

(a)  Supplier  Analyals 

(b)  ACC  Chock  Analysis 


Tha  haat-traat  pro cad ur a  aaployad  for  procaaalng  tha  06 aC  la  ahown  balow.  Tha  Indicated  teapar- 
lng  cycle*  ware  eaployed  to  produce  widely  varying  atrangth  level*  and  fracture  toughneaa.  In  order  to 
prevent  carburization ,  decarburlaatlon  or  other  aurfaea  attack,  anatenltlaatlon  waa  parferaed  ualng  a 
•antral  aalt  bath  followed  by  quenching  directly  to  rooa  taaperature  In  agitated  oil.  Tampering  waa  per¬ 
formed  In  an  air  ataoaphara  at  tha  Indicated  taaperature  and  tin* . 

Auatenltlza  -  1700*?  -  X  alnutaa  at  teaperctur* 

Quench  -  Agltatad  oil  at  rooa  taaperature 

Tamper  -  High  Strangth/low  Toughneaa:  600*?  -  2  hour* 

Low  Strangth/Hlgh  Tooghnaaa:  1100*?  -  2  hour* 

Table  2  •'■■arizes  the  taata  and  atreaa-lntenalty  factor*  at  fracture.  Not*  that  the  critical  atraa* 
Intenalty  value*  calculated  from  fatigue  teatlng  war*  approxlaataly  the  aaae  aa  thoaa  obtained  froa  a 
alngle  cycle,  l.e.,  rlalng  load  to  failure. 


rigwr*  6  la  a  plot  of  the  euaulatlv*  atraaa-vav*  count  (TSWE)  varan*  cycle  mwfcar  for  0.1-in.- 
thlck  apeclaan  6S26;  the  coeputer-plottad  curve  ahowa  tha  laat  20-30  cycle*.  At  the  cycling  rate  of 
•  cptt  there  waa  aor*  than  anpla  tin*  to  unload  th<  teat  apaclaen  If  one  wlahed  to  avoid  fracture, 
figure  3  ahowa  the  plot  of  atreaa-lntenalty  factor  (fees)  varau*  emulative  atreaa-wave  count  for  aach 
aucceaalv*  cycle.  Hot*  that  -  TSWE  waa  approxlaataly  a  linear  ralatlonablp. 


Speclaan  6S27,  alao  0.1-lc. -thick,  waa  taatad  In  tha  **■*  Banner  aa  6S26  except  that  the  notch 
of  the  alngla-adge-notch  (SEN)  tanalon  apaclaen  waa  filled  with  water  after  the  apeclaan  had  bean  cycling 
for  aoa*  tlaa.  Tha  epoclaen  went  500  cycle*  after  the  water  waa  added,  before  it  failed,  figure  6  la  a 
•W  »*  the  enn  *»*•  ahtal ned  le. the  leat  60  eyelea  of  tha  teat,  with  the  atraaa  wave  ponat  nor  evda 


cursor  of  failure. 


Table  2.  Critical  Stress-Intensity  In  Fatigue 


Critical  Stress 

Intensity 

Fatigue 

Material 

Thickness 

Rising  Load 

Fatigue 

Specimen 

1100  D6aC 

0.294 

204  -  251 

Avg (3) 227 

222 

265(a) 

6S46 

0.292 

6S47 

0.101 

275  -  287 

Avg (3)285 

240 

265<b> 

6S26 

0.100 

6S27 

600  D6aC 

0.293 

92  -  107 

Avg (3)100 

65 

6S42 

0.104 

94  -  104 

Avg (4) 100 

116 

U2(e) 

6S22 

0.101 

6S23 

(a)  last  290  cycles  with  water  In  the  notch;  because  the  COD  In  the 
last  cycle  was  lost,  the  Kc  value  Is  for  one  cycle  before  failure. 

(b)  water  In  the  notch;  the  Kc  value  is  for  one  cycle  before  failure. 

(c)  last  188  cycles  with  water  in  the  notch;  the  Kc  value  is  for  one 
cycle  before  failure. 


Figure  4.  Relationship  between  T9  WE  tnd  Cycle  Nuabor  for  110Q*F  Tsapered 
WaC  0.1-in. -Thick  Specimen  6820 


Figure  5.  Relationship  Between  Maximum  Stress 

Intensity  and  Acoustic-Emission  Count 
in  llOO'F  Tempered  D6aC  0.1-in. -Thick 
Specimens  6S26  and  6S27. 


Figure  6.  Correlation  Between  COD  and  TSWE  as 
a  Function  of  Cycle  Number  in  1100°F 
Tempered  D6aC  0.1-in. -Thick  Specimen 
6S27  Subjected  to  Corrosion  Fatigue. 
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ftf.  7.  Relationship  latvaaa  TSWT  and  Cycle  Rumba r  In  MaC  Spaclacn  6S47  Subjected  to  Corrosion  Fatigue 

Spaclaan  6S47  was  tasted  Initially  In  a  low-huetdlty  alr-condltlonad  laboratory.  Hcw.-ver,  after 
171  cycles,  the  edge  notch  van  filled  with  water.  After  790  cycles  with  water  In  the  notch,  the  epeclaen 
failed,  figure  7  shows  an  uoalstakeable  precursor  of  failure  In  the  last  10  to  40  cycles,  but  no  apparent 
affect  froa  the  addition  of  witar. 

Spec loan  6523  was  cut  free  600 'f  tewpered  MaC  steel;  this  speclaen  was  tested  In  the  ease  Banner 
as  the  spaclaan  described  above,  with  water  Inserted  in  the  notch  after  163  cycles  In  low-hunldltv  air. 
la  the  600*F  tampered  aaterlal,  the  water  was  ex trews It  detrimental! Figure  8  Is  a  slot  of  TSHE  versus 
cycle  auaber.  Rote  that  at  the  point  where  water  was  added,  there  was  an  Increase  In  the  stress-wave  count 
rate.  A  coaparlson  between  Figures  7  and  •  shows  the  narked  difference  la  behavior  between  the  600  and 
1100*F  tewpered  aaterlal;  recall  that  In  obtaining  the  data  In  Figure  7,  water  was  added  after  178  cycles 
with  very  little,  if  any,  effect.  In  Figure  9,  note  the  short  periods  of  dormancy  in  the  plot  of  data 
taken  before  adding  water,  followed  by  marked  and  nearly  continuous  activity  after  adding  the  water. 

Speclaen  6S22  was  first  subjected  to  a  mamlwvu  load  of  3010  lb  (6J0-lb  minimum) ,  tested  in  a  low- 
basldtty  sir-conditioned  laboratory.  There  were  occasional  small  bursts  of  stress-wave  emission  around 
load.  A  a  ample  of  these  data  ars  shown  In  the  frUowlng  tabulation  (only  the  cycles  producing 
stress-wave  date  are  shown  In  the  tabulation): 


Cycle 

Street-Wave 

Cycle 

Stress-Wave 

Runber 

Count/Cycle 

Rusher 

Count/Cycle 

13 

100 

73 

730 

1« 

600 

73 

200 

22 

1100 

77 

100 

27 

2700 

79 

370 

29 

1830 

9* 

2300 

95 

4400 

31 

930 

94 

2300 

32 

170 

» 

200 

IIP 

420 

71 

200 

Thus,  there  were  periods  of  dormancy  Interspersed  with  varying  sixes  of  bursts.  However,  the  crack-opening 
displacement  did  not  Increase  slgnlfleantlv  In  these  IPO  cycles  and,  therefore,  the  crack  growth  was  very 

snail. 


i 

3 

< 


V  ' 

After  Ml  cycle*,  the  notch  vee  filled  with  water  end  cycling  continued  at  ).0  klpa  maximum 
load,  lher*  waa  torn*  lncreaae  In  atreaa-wave  activity  but  atlll  no  algnlflcant  lncreaa*  In  crack-opening 
dlaplocanent.  A*  following  tabulation  ahowa  the  atreaa-wave  activity  recorded  In  the  flrat  twenty- lira 
cycle*  after  adding  the  water) 


A*  average  count  per  cycle  for  the  data  aaopl*  tabulated  for  dry  air  waa  171  counta  per  cycle: 
after  adding  water  the  average  count  per  cycle  baaed  on  the  data  aaapla  tabulated  above  waa  913  counta 
per  cycle.  Dim ,  acreee-corroeion  cracking  waa  taking  place  aa  ahown  In  figure  8. 


7075-tt  Aluminum.  Specimen  1S-1  waa  teated  In  the  ease  manner  and  with  the  same  ayaten  aa  In 
the  ateel  seating.  After  approximately  200  cycle*  In  an  air-conditioned  low-hualdlty  laboratory,  a  3  per¬ 
cent  Had  aolution  waa  placed  In  the  notch  of  the  SEP  tenalon  epee  lean.  Aa  etreaa  Intenalty  at  the  tie* 
of  adding  the  aolution  waa  28.5  kal-ln.1/J  <  At  waa  26.3  kal-in.l/i).  In  216  additional  cycle*,  the 
•pec lean  fractured:  the  atreea  Intenalty  at  fracture  waa  32.1  kai-ln.1  .  Aa  cumulative  atreaa-wave 
count  before  and  after  adding  the  31  MaCl  aolution  la  ahown  In  figure  10.  Hot*  the  two-ordera-of- 
aagnltude  change  of  ecal*  In  plotting  the  count  after  atreaa-eorroalon  tracking  waa  Initiated.  Data  were 


figure  10 


lolotlonahlp  Between  TSVE 
and  Cycle  Saber  In  7075-T6 
Aluminum  0.26-ln.-Alck 
Specimen  BS-1  Subjected  to 
Corroolon  fatigue. 


tabulated  for  a  total  of  58  cycle*  bafora  adding  tha  elution;  m  ta  tha  uamletaksable  chant*  liter  58 
cycles.  Tabla  1  la  a  tabulation  of  tha  average  count  .at*  and  tl.a  average  crack  growth  In  aach  auccaaalva 
10  cycle*  bof or*  and  after  adding  tha  It  Had.  Hot*  that  thara  waa  an  order  of  aagnltud*  lncraaa*  In 
etreee-vev*  count  rat*  after  adding  tha  aalt  aolutloo.  Tha  lncraaaa  la  crack  growth  rate  waa  not  aa 
draaatlc  but  nevertheless  uaml'takaabl*  after  adding  the  aalt  aolutlon.  Hot*  that  approxloately  50  cycle* 
before  failure  occurred,  there  wr*  a  narked  lncraaaa  la  tha  count  rata  and  In  the  crack  growth  rat*. 

In  Flgura  10,  the  change  of  elope  would  eenr*  aa  the  precuraor  of  failure  (approximately  50  cyclae  bafora 
fracture) .  froa  Figure  11  not*  tha  linear  relatlonahlp  between  TSVE  and 

ttreaa  Corroalon  Cracklna  and  Hydroaen  Eabrlttlvnent 

A  aarlaa  of  paper*  haa  been  published  In  the  open  literature  la  which  acouetlc  emleelon  waa  uaed 
for  tho  crack  detection  of  atreae-corroelon  cracking  and  hydrogen  embrittlement.  Becauaa  the  detail*  can 
be  obtained  from  respective  publication* ,  only  tha  highlight*  of  thee*  research**  will  be  reviewed  here. 

On*  paper describes  a  study  of  slow  crack  growth  In  D6aC  steel  a*  Influenced  by  hydrogen 
and  sereaa-corroslon  using  acoustic  emleelon  (stress  waves)  as  a  new  technique  for  monitoring  Incremen¬ 
tal  crack  growth.  In  this  study  It  was  found  that  the  D4aC  steel  waa  susceptible  to  slow  crack  growth 
both  when  hydrogenated  and  tested  In  distilled  water.  Over  a  given  period  of  slow  crack  growth,  there 
waa  a  direct  relationship  between  the  number  of  stress  wave*  and  crack  growth  rate  and,  alternately,  there 
waa  am  Inverse  relationship  between  secondary-incubation  tin*  and  crack-growth  rata.  Aa  the  crack 
lengthened  under  constant  load,  the  arroea  Intensity  Increased  and  the  rata  of  stress-wav*  emission 
(SVB/sec)  Increased  at  a  relatively  gradual  rata  until  a  auddeo  Increase  In  rat*  occurred  corresponding 
to  tho  start  of  rapid  crack  growth.  Crack  growth  waa  found  to  occur  In  discontinuous  steps  for  all  test 
condition*  lnveetlgated.  A  synergistic  effect  was  noted  when  hydrogenated  D6aC  steel  was  tested  In  water. 
Hydrogen  diffusion  appeared  Co  be  the  controlling  mechanism  In  both  type*  of  embrittlement. 

The  conclusion*  of  this  research  based  on  teat*  In  an  aqueous  environment  and/or  after  tha 
deliberate  addition  of  hydrogen  were  aa  fellows : 

1,  D6aC  low-alloy  atael  heat  treatad  to  produce  a  variety  of  nlcrootructures  and  strength 
level*  la  auseaptlbla  to  slow  crack  growth  under  sustained  load  when  tested  In  the  hydrogenated  condition 
and/or  In  aa  aqueous  environment . 

I.  A  crach-openlng-dlaplscenent  (COD)  gage  In  conjunction  with  a  constant-speed  strip  chart, 
provides  a  sensitive  measurement  of  overage  crack-growth  rata  during  sustained-load  tests.  However,  on 
an  lacremant-by-lncrement  basis,  only  gross  movements  of  the  crack  front  are  detectable  on  tha  COD  chart. 

3.  Stress  wav*  emission  aa  measured  by  an  appropriate  Instrumentation  system  Is  a  highly 
sensitive  device  for  sonl Coring  lncr*ment-by-tncr*m*nt  growth  of  a  crack.  In  many  Instances  where  SWE 
shows  Incremental  crack  growth  with  definite  time  Intervals  between  jumps,  the  GOD  chart  Indicates 
continuous  crack  growth. 

4.  It  waa  found  that  over  a  given  period  of  slow  crack  growth,  there  Is  a  direct  relationship 
between  the  number  of  stress  wave*  and  the  crack-growth  rate,  da/dt;  or  alternatively,  there  Is  an  Inverse 
relationship  between  secondary  Incubation  time  At,  and  da/dt. 

5.  Aa  the  crack  lengthen*  under  constant  load,  the  stress  Intensity  Increases  and  both  1/  At, 
and  da/dt  Increase  at  a  relatively  gradual  rate.  At  a  critical  crack  slse,  both  1/At,  and  da/dt  suddenly 
Increase  producing  an  easily  Identified  Inflection  In  the  curves  of  SWE  per  second  vs  tlne-at-load ;  the 
Inflection  corresponds  to  the  start  of  rapid  crack  growth, 

•.  In  hydrogenated  DieC  low-alloy  steel  heat  treated  to  low  toughness  (1550/400): 

a.  The  crack  growth  rato  (da/dt)  Increases  with  Increasing  crack  length  until  at  an  Inter¬ 
mediate  stress-intensity  level,  da/dt  becomes  constant  or  even  decrease*  slightly  before  Increasing  to  the 
point  of  crack  Instability.  At  high  stress-intensity  levels,  the  data  from  hydrogenated  specimens  tested 
la  water  approach  the  curve  relating  E  end  da/dt  for  nonhydrogenated  material  tested  In  water. 

b.  Hydrogenated  material  baked  for  1/2  hr  at  300*F  was  found  to  have  lower  crack  growth 
rate*  thee  material  baked  for  3  hr  at  300*F.  Ho  explanation  was  found  for  this  apparently  anomalous  result 
the  various  testa  of  1/2  hr  baked  material  were  consistent,  however,  in  showing  this  behavior. 

e.  Hydrogenated  material  baked  for  3  hr  at  300*F  and  tested  In  water  has  a  greater  rat* 
of  crack  growth  than  would  be  predicted  by  tests  of  hydrogenated  material  tested  In  air  and  nonhydrogenated 
material  tested  In  water,  1.*.,  the  collection  of  hydrogenation  and  aqueous  environment  has  a  synergistic 
effect. 

7.  In  hydrogenated  MaC  low-alloy  eteel  heat  treated  to  high  toughneas  (1750/1100): 

a.  Dm  crack-growth  rate  (da/dt)  Increase*  with  Increasing  crack  lea  th  until  at  am  Inter¬ 
mediate  at  rasa  Intensity  level,  the  rate  of  Inc re as*  of  da/dt  suddenly  Increases,  with  da/dt  for  tho 
material  tested  Is  air  and  In  water  Increasing  at  approximately  the  seme  rat*. 

b.  Hydrogenated  material  baked  for  1/2  hr  at  300*F  and  tested  In  water  has  th*  same  crack- 
growth  rato  a*  the  oom-hydrogeoeted  material  tested  In  water.  Thus,  In  this  material  condition,  tho  om- 

-  f  i  I*  r-  —  *•  he  Hie  eomtrolllna  mechanism. 

c.  Hydrogenated  material  baked  for  3  hr  at  300*F  has  th*  earns  accelerated  cract-growtn 
rate  whether  tasted  la  air  or  water;  thus,  there  was  no  evidence  of  a  synergistic  effect  with  th*  combina¬ 
tion  of  hydrogenation  and  wator.  In  fact,  hydrogen  appear*  to  be  the  controlling  mechanism  since  adding 
water  doe*  not  Increase  tha  crack  growth  rate. 
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Figure  11.  Relationship  Between  Kmax  and  TSWE  in  7075-T6  Aluminum 
0.26-in. -Thick  Specimen  R*-l. 


TABLE  3.  AVERAGE  COUNT  AND  CRACK-GROWTH  RATES,  7075-T6 


Cycle 

Range 

Average 

Count  Rate 

Average 

Crack  Growth 

SWE  per  Cycle 

in.  per  Cycle  x  10 

50  -  40 

563 

0.142 

40  -  30 

316 

0.141 

30  -  20 

186 

0.141 

20  -  10 

583 

0.000 

10-0 

269 

0.000 

3X  NaCl  ADDED 


436 


A  nor*  recent  stud;  of  atraea-corrcelon  cracking (62,63)  provides  additional  evidence  of  the 
utility  of  acouatle  ealeelon  as  a  method  for  monitoring  etreee-corroelon  cracking.  One  phase  of  this 
study,  heretofore  not  reported  in  the  open  literature  Is  described  In  the  following  paragraphs.  The 
material  was  6A1-4V  tltanltn  in  the  solution  treated  and  aged  condition  and  the  environment  was  circulat¬ 
ing  distilled  water  at  6S  and  165*F.  The  crlterior  used  in  evaluating  the  craek-grovth  process  was 
primary  incubation  time  as  determined  by  acoustic  emission.  Hater  at  165*F  Induced  stress-corrosion 
cracking;  whereas,  at  65*F,  there  was  no  subcritical  crack  growth  in  the  periods  Investigated  (up  to 
19  hours  at  0.9  Kc). 

Material  Investigated.  In  this  investigation,  a  single  heat  of  6A1-4V  titanium  was  used  for 
the  study  of  slow  crack  growth.  The  chemistry  of  the  heet  follows; 

6. OX  Al,  4. IX  V,  0.13X  Fa,  0.023X  C,  0.110X  0,  0.0050X  H,  0.015X  M 
The  mill-annealed  tensile  properties  as  obtained  from  the  titanium  producer  were: 


135,000  pel  F  ,  1*2,000  pal  Ftu,  15. 5X  elongation 

The  room-temperature  properties  obtained  from  the  material  after  a  conventional  solution  treating  and 
aging  treatment  (176VF/15  min,  water  quench  and  age  at  1100*F  for  8  hr)  was  as  follows: 


6A1-4V  Titanium 


0.2X  Offset 
Yield 


Ultimate 

Strength 


Streas  Intensity 
at  Failure, 
riml-ln.”2) 


Equlaxed-Alpha 


147  -  155 
Av(3)  152 


166  -  169 
Av(3>  168 


80-97 
Av(3)  90 


Test  Procedure.  The  single-edge-notch  (SEN)  tensile  specimen,  the  crack-opening  displacement 
gage,  the  experimentally  determined  calibration  curve  for  converting  crack-opening-displacement  measure¬ 
ments  to  crack  length  and  the  K  calibration  as  published  by  ASTM  were  the  aama  as  those  used  in  the  lov- 
cyde-fatlgue  study,  previously  described. 

The  acoustic-emission  monitoring  system  is  shown  schematically  in  Figure  12.  As  indicated  in 
this  figure,  the  system  consisted  of  accelerometers,  amplifiers,  filters,  tape  recorders,  and  an  elec¬ 
tronic  counter  and  digital  printer.  The  accelerometers  were  attached  to  the  specimens  using  a  linear- 
force  colled-sprlng  technique.  The  electronic  counter,  instead  of  counting  a  stress  wave  as  an  indivi¬ 
dual  event,  recorded  every  cycle  above  an  arbitrary  trigger  level  sat  on  the  basis  of  background  noise 
and  held  constant  for  a  given  aeries  of  tests.  With  this  characteristic,  a  large  streas  wave  results  in 
more  cycles  above  the  trigger  level  than  a  small  stress  wave;  thus,  a  greater  acoustic-emission  printout- 
number  would  be  obtained  for  a  large  emission  than  for  a  small  emission.  In  other  words,  the  electronic 
counter  provided  an  integration  of  size  and  number  of  emissions  rather  than  a  one-for-one  count. 

At.  indicated  in  Figure  12,  two  basic  systems  were  used  for  data  acquisition.  The  electronic 
counter  syntax  provided  a  real-time  record  of  the  emission  (both  emulative  count  and  rate  of  emission) 
throughout  see'1  teat  period.  The  high-pass  filter  in  the  system  eliminated  a  major  portion  of  the  extra¬ 
neous  low-frequency  noises  which  tended  to  mask  very  smell  amplitude  emissions,  A  second  data  acquisition 
system  also  was  used  for  a  limited  number  of  tests.  This  system  used  the  same  amplification  and  filter¬ 
ing  components  but  incorporated  a  magnetic  tape  recorder.  The  data  were  collected  by  recording  each  test 
and  subsequently  analysed  through  playback  as  shown  in  Figure  12. 


Figure  12.  Acoustic  Emission  System  for  Stress-Corrosiou  Study. 
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The  data-acqulsitlon  system  utilized  100X  amplification,  followed  by  a  30  KHz  high-pass  filter 
and  then  1000X  amplification.  With  this  system,  a  38  KHz  input  signal  (approximately  the  resonance  fre¬ 
quency  of  the  mounted  accelerometer)  was  amplified  5000X.  Also,  with  the  electronic  counter,  two  levels 
of  stress-wave  amplitude  were  recorded.  The  counter  strip-chart  printout  recorded  both  cumulative  count 
and  count  per  unit  time  (count  rate).  By  a  voltage  setting,  the  count-rate  printout  was  adjusted  to  read 
signals  just  above  the  background  noise  level;  count  rate,  then,  was  recording  small  emissions,  while 
cumulative  count  was  set  to  record  the  larger  emissions,  approximately  5  times  those  of  the  count-rate 
printout. 

Environmental  Testing.  Because  of  the  test  times  in  this  phase  of  the  investigation,  a  circu¬ 
lating  system  was  installed  with  a  7-gal  reservoir.  To  maintain  the  chemistry  of  the  water  as  constant 
as  possible,  the  entire  system  was  made  of  glass  or  chemically  stable  plastic.  The  system  is  shown 
schematically  in  Figure  13. 

Specimens  were  loaded  in  a  test  machine  actuated  by  a  two-way  air  cylinder.  The  essential 
feature  of  the  system  was  the  ability  to  hold  a  constant  load  over  extended  test  periods, 

The  general  procedure  for  fracture  testing  the  3  by  12-in.  SEN-tensile  specimens  was  as  follows: 

a.  Under  a  continuously  rising  load  (10,000  psi/min.)  determine  the  apparent  critical  stress 
intensity  factor  for  each  material  condition  when  tested  in  air. 

b.  Then,  under  constant  load,  test  each  material  condition  in  the  following  manner: 

(1)  hold  in  room-temperature  water,  at  0.8  of  the  critical  stress  intensity  (Kc)  deter¬ 
mined  in  step  a. 

(2)  hold  in  room-temperature  water  at  either  0.9  or  0.7  Kc,  depending  on  the  time  to 
fracture  in  step  b.(l),  and 

(3)  hold  in  165°F  water,  at  the  stress-intensity  level  selected  in  the  preceeding  steps. 


Experimental  Results.  When  the  titanium  was  exposed  to  water  at  room  temperature  at  an  applied 
stress  intensity  of  78  ksi-in.  ' 2  (0.9  Kc) ,  failure  did  not  occur  in  a  test  period  of  80  hours.  When 
specimens  were  instrumented  for  the  detection  of  acoustic  emission,  no  subcritlcal  crack  growth  was  ob¬ 
served  in  test  periods  of  up  to  20  hours  in  room-temperature  water. 


In  165"F  water,  on  the  other  hand,  the  primary  incubation  time  was  17,160  seconds  (4.76  hours) 
at  an  applied  stress  intensity  of  75  ksi-in.l' 2  (0.8  Kc).  when  the  stress  intensity  was  increased  to 
85  ksi-ln.4/2  (o,9  Kc)  the  primary  Incubation  time  was  reduced  to  2,640  seconds  and  failure  occurred  in 
approximately  one  hour. 


When  a  modified  microstructure  at  an  applied  stress  intensity  of  102  ksi-in.^2  (0.8  Kc)  was 
exposed  to  165*F  water,  the  primary  incubation  time  was  3,360  seconds  and  failure  occurred  in  approxi¬ 
mately  one  hour.  From  Figure  14  it  will  be  seen  that  the  first  large  burst  of  stress  waves  occurred  after 
3340  sec  at  load.  The  stress  waves  for  the  first  70  sec  at  load  are  attributed  to  a  creep  phenomenon 
which  is  often  observed  at  constant  load.  Thus,  the  primary  incubation  time  at  an  applied  stress  inten¬ 
sity  of  102  ksi-in.1/2  was  indicated  to  be  56  min.  At  105  ksi-in.1/2  (10:18:00  clock  time),  there  was  a 
large  burst  of  stress  waves  which  is  believed  to  be  the  plane-strain,  pop-in  (Kjc)  instability.  The  time 
increment  between  stress  waves  after  pop-in  averaged  40  seconds. 
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TIME  AT  14.90  KIPS  (seconds) 


Figure  14.  Subcritical  Cracking  in  Platelet-Alpha  6A1-4V  Titanium  in  165*F, 
Circulating,  Distilled  Water  (Specimen  A2) 


Strain-Aging  Embrittlement 

Strain  aging  has  been  investigated  as  a  less-known  mechanism  of  slow-crack  growth  in  steel  using 
acoustic  emission jn  gteel,  strain-aging  embrittlement  occurs  as  the  result  of  a  combination  of 
stress  at  the  crack  tip  and  elevated  temperature  in  the  range  of  300  to  800*F^®®)(  Many  service  applica¬ 
tions  involve  moderately  elevated  temperature,  and  in  weld  fabrication  sometimes  there  are  low-tempera¬ 
ture  stress-relieving  operations  or  preheat-postheat  operations  where  residual  stress,  time  and  tempera¬ 
ture  provide  the  necessary  conditions  for  spontaneous  strain  aging  and  resulting  slow  crack  growth. 

The  spontaneous  strain  aging  embrittlement  mechanism  in  steel  is  generally  considered  to  Involve 
the  diffusion  of  carbon  and/or  nitrogen  as  a  necessary  condition.  This  has  been  experimentally  confirmed 
in  high-strength  steels  by  Stelgerwald  and  Hanna'66'.  Their  investigation  concentrated  on  the  kinetics 
of  the  process  which  allowed  an  activation  energy  to  be  determined.  This  was  found  to  be  best  represented 
by  the  diffuslvlty  of  carbon  in  iron.  Their  investigation,  however,  did  not  allow  a  detailed  description 
of  the  slow  crack-growth  process. 

Acoustic  emission,  on  the  other  hand,  provided  the  means  for  following  step-by-step  the  dis¬ 
continuous  movement  of  the  crack  front.  The  emissions  provided  information  on  both  the  else  of  the  crack 
step^1*'6^  and  the  time  interval  between  steps. 

Compared  to  hydrogen  embrittlement  and  stress-corrosion  cracking,  the  embrittlement  at  elevated 
temperature  was  attended  by  relatively  few  movements  of  the  crack  front,  bight  and  electron  fractography 
confirmed  that  the  large  stress  waves  occurring  during  the  periods  of  sustained  load  were  associated  with 
gross  movement  of  the  crack  front.  At  the  start  of  the  holding  period  the  time  between  stress  waves 
(  Atg)  was  short,  with  A  tB  increasing  with  time  at  load  until  finally  e  steady-state  condition  was 


reached  uti^n  :hs  secondary  Incubation  tin#  wee  relatively  conatant.  Altar  tha  D6aC  haat  treatmint  which 
effectlvnly  eolutlonlsed  tha  carbldaa  (1750  for  1/2  hr),  tha  atssdy-stats  aacondary  Incubation  tina  waa 
approxlnatsly  80  aae,  aa  compared  to  1650  aac  In  tha  heat-traat  condition  with  naaalva  carbldaa  (1550*1 
for  1/4  hr).  Tha  crack  growth  rata  alao  varlad  by  a  factor  of  20  for  tha  two  heat-traat  condltlona. 

(44) 

Tha  eonclualona  of  thla  Investigation  baaad  on  acouatlc  anlaalon  data  and  fractura  aurfaca 
aaaauraaanta  In  alngla-adga-notchad  tanalla  apaclaana  axpoaad  to  moderately  alavatad  taaparatura  (400  to 
500*1)  undar  auatalnad  load  wara  aa  followa: 

1.  la  ganaral,  enbrlttlaaant  at  alavatad  temperatures  la  attandad  by  ralatlvaly  (aw  novenanta 
of  tha  crack  front  (aa  coaparad  with  hydrogan  embrittlement) . 

2.  Large  atraaa  wavaa  In  tha  auatalnad-load  pariod  ware  aaaoclatad  with  a  groaa  novaaant  of 
tha  crack  front  aa  Identified  by  both  electron  and  light  fractography. 

3.  Immediately  after  tha  auatalnad  load  waa  reached,  tha  tine  between  larga  atraaa  wavaa  waa 
found  to  become  increasingly  longer.  Aftar  thla  Initial  pariod,  a  ataady-atata  condition  evolved  where 
tha  aacondary  Incubation  tine  (denoted  aa  A  taa)  waa  ralatlvaly  conatant. 

4.  In  nlcroatructuraa  aaaoclatad  with  relatively  anall  amounts  of  carbon  In  solid  solution, 
tha  value  of  Ataa  at  S00*F  waa  found  to  average  1650  aac.  In  tha  condition  with  a  greater  amount  of 
carbon  in  solid  solution  (austenitized  at  1750*f  for  1/2  hr),  tha  corresponding  aacondary  incubation 
tins  waa  only  84  sac.  Tha  crack-growth  rata  alao  varlad  by  a  factor  of  20;  da/dt  for  tha  material  with 
ralatlvaly  llttlo  available  carbon  averaged  190  H- -in. /min  aa  coaparad  with  3880  M -In. /min  In  tha 
1750/800  condition. 

5.  Secondary  Incubation  tinea  at  370  and  500*7  for  the  condition  aost  sensitive  to  embrlttle- 
aant  Indicated  that  carbide  praclpltatlon  waa  tha  embrittling  nechanlsa. 

4.  A  fractura  aachanlaa  la  hypothesized  based  upon  carbides  praclpltatlng  on  tha  larga  nuabar 
of  nucleatlon  sites  present  at  tha  crack  tip.  Tha  basic  prealae  is  that  tha  crack  Increment  In  tha  em¬ 
brittled  region  la  about  equal  in  alia  to  the  theoretical  crack-tip  dlaplacaannt. 

7.  Preliminary  findings  lndleata  that  tha  aabrlttlaaant  process  la  more  temperature  dependent 
than  stress  dependant.  Tha  crack  growth  rata  during  the  slow-crack-growth  process  may  be  approximated 
by: 

da/dt «  2v  /  A  t 

C  • 

where  2vc  la  the  theoretical  crack-tip  displacement  and  Ata  la  tha  aacondary  Incubation  tlae.  The 
secondary  Incubation  time  la  highly  dependant  upon  both  test  taaparatura  and  concentration  of  carbon  In 
solid  Solution. 

In  a  subsequent  investigation^23) ,  center-notch  panels  wara  tasted  at  varlou.  loading  rates  aa 
wall  aa  sing la-edge-notch  tanalla  apaclaana  tasted  under  auatalnad  load. 

Tha  basic  lnatnasantatlon  system  was  comprised  of  acceleroae' ire,  a  charge  amplifier,  a  band¬ 
pass  filter,  a  taps  recorder,  and  an  oscilloscope.  Two  accelerometers ,  one  ranged  to  O.lg  sensitivity 
and  one  to  l.Og  sensitivity,  wara  employed  during  the  tasting  of  each  specimen.  Tha  signal  from  tha 
accelerometer  was  tape-recordad  aa  raw,  unflltared  data,  and  alao  displayed  on  an  oscilloscope  while  tape 
recording.  Tha  signal  from  tha  tape  recorder  waa  filtered  for  display  on  tha  oscilloscope.  Likewise, 
on  subsequent  playback  of  tha  tape-recorded  raw  data,  the  signals  wara  filtered  to  eliminate  extraneous 
molae.  This  waa  accomplished  using  a  band-pass  filter  with  upper  end  lower  frequency  separately  variable 
In  tha  range  of  20  to  20,000  cps.  For  data  playback,  low  and  high  cut-off  frequencies  of  5000  to  20,000 
epa  were  used. 

Based  on  this  phase  of  tha  Investigation,  Cerberieh^23)  aada  tha  following  observations: 

1.  Spontaneous  strain-aging  embrittlement  occurs  In  0.48  percent  carbon  D6aC  ateel  at  tem¬ 
peratures  ranging  fron  400  to  600*F  whan  taaparad  at  400*F. 

2.  Thla  embrittlement  occurs  undar  both  auatalnad-load  and  rising-load  conditions  with  0.02 
to  1.0  la.  of  slow  crack  growth  balng  observed  In  failure  tinea  ranging  fron  68  to  7230  sac. 

3.  It  waa  found  that  tha  crack  growth  could  be  described  by 

da/dt » a*a‘B/kT 


snare  ... 

a  la  a  conatant  of  unity  having  dimensions  of  In.  /pel-sec 

l/l 

K  la  tha  applied  etreas-lntenslty  level  la  psi-in. 

■  la  tha  activation  energy  for  carbon  diffusion  In  steel 
T  la  tha  absolute  temperature 

4.  Incorporation  of  this  crack-growth  rata  equation  into  analyses  for  sustslned-load  end 
rising-load  behavior  allowed  description  of  tha  tins  to  failure  fron  t^  ■  f  (  ff  ,  iff  /it,  T,  a). 


5.  SHE  and  electron  fractographlc  obaarvationa  demonstrated  that  tha  growth  pYcaaa  was  dis- 
contlnucus  and  oredomlnantly  lntargranular,  and  that  tha  avaraga  jump  distance  could  ba  described  by 

where  f.*  la  ralatad  to  tha  theoretical  crack  tip  displacement  and  d  la  tha  avaraga  grain  alta. 

6.  An  activation  energy,  baaad  upon  tha  time  batvaan  thaaa  crack  Jumps,  vaa  dataralnad  to  ba 
21.0  keal/aole  which  point*  to  carbon  eluataring  and/or  carblda  praclpltatlon  aa  tha  embrittlement 

•achanlaa. 

Dalarad  Wald  Cracking 

Kotvaat  appaara  to  ba  tha  flrat  to  uaa  atraaa-wava  aalaalon  In  tha  study  of  weld  cracking.  Hla 
study  waa  concerned  with  tha  crack  auaceptlblllty  of  D6aC  ataal  during  and  after  welding.  A  piezoelectric 
traoaducer  attached  to  tha  weld  plate  detected  aignala  aaaoclatad  with  weld  cracking  which  then  were  amp¬ 
lified  and  Cape  recorded.  Recording  vaa  contlnuoua  through  tha  welding  and  poet-heat  cyclea.  With  thla 
technique,  cracking  waa  found  to  ba  aaaoclatad  with  traneforaatlon  reaction*.  The  teat  welda  were  con- 
aldarad  crack-free  when  adjustments  In  weld  procedure  eliminated  the  acouatlc  eralaalon.  The  ayatem  used 
by  Kotvaat  waa  reported  to  ba  eenaltlv*  enough  to  detect  tha  auatanlte  to  aartanalte  tranaformatlon. 

Without  poat  heat,  acouatlc  crack  indlcatlona  ware  detected  aa  aoon  aa  the  weld  zone  cooled  below  500*F. 
Increasing  preheat  only  eervad  to  delay  cracking  until  an  equivalent  temperature  was  reached  In  the 
cooling  curve.  If  eufflctent  weld  preheat  and  poat  heat  waa  provided,  tha  coo.' Ing  curve  for  a  weld  could.... 
lntaraact  the  region  of  balnlta  transformation  and  no  vlalbla  or  acouatlc  crack  Indications  wars  detected'0  ' 
r<*\ 

Jolly  has  daacrlbad  tha  uaa  of  atreaa-vave  emission  as  a  means  to  detect  wald  cracking  In 
stainless  steal.  Tha  welding  was  dona  by  tungsten  Inert-gas.  It  waa  found  that  crack  growth  could  ba 
detected  during  maiding  without  lntarfaranca  from  .ha  noise  of  tha  welding  arc.  Jolly  found  that  crack 
growth  sometimes  continued  from  wald  solidification  until  tha  weld  approached  thermal  equilibrium  with 
tha  waldad  structure.  Ha  found  tha  rata  of  aalaalon  from  single-pass  welda  to  ba  about  an  order  of  mag¬ 
nitude  lean  than  from  multipass  welda.  Tha  onset  of  aalaalon  waa  found  to  occur  20  to  AS  seconds  after 
tha  deposited  wald  metal  began  to  aolldlfy.  Furthermore,  tha  emission  rata  waa  found  to  Increase  as  the 
veld  cooled;  tha  normalized  emission  rata  reached  a  maximum  at  approximately  AOO*C,  Indicating  that  a 
major  portion  of  tha  emission  In  tha  stainless  ataal  wwlds  was  due  to  hot  cracking. 

Hartbower^7^  evaluated  wald  cracking  In  HT-80  steal  baaad  on  atraaa-wava  emlaalon.  A  multi¬ 
pass  square-butt  wald  waa  prepared  by  the  tungsten-arc  process  with  deliberate  incomplete  penetration  to 
assure  cracking.  Thera  vaa  no  attempt  to  record  atraaa-wava  aalaalon  during  welding.  After  welding, 
stress-wave  activity  was  greatest  In  tha  first  seven  hours,  with  7078  counts;  In  tha  following  2A-hr 
period,  there  was  an  Increase  of  only  29  counts  and  In  the  next  24-hr  period  there  was  only  one  additional 
count.  This  suggaatad  that  delayed  cracking  might  ba  completed  In  approximately  three  daya.  However,  It 
waa  noted  that  tha  gross  cracking  which  occurred  during  welding  may  have  largely  stream  relieved  tha 
weldment  and,  thus,  shortened  tha  period  of  delayed  cracking. 

An  acoustic-emission  study  was  undertaken  for  tha  B.S.  K»vy  to  quantify  the  duration  of  delayed 
weld  cracking,  particularly  In  100-ksl  yield  strength  material*”*).  Cracking  waa  Induced  by  means  of 
the  cruciform.  Tha  cruciform  has  bean  discussed  aa  a  test  for  haat-affacted  zone  cracking  by  Poteat  and 
Harnsr''2),  Vlnterton  and  Rolan”*'  and  Rathbone,  at  all'*).  All  welding  was  done  In  a  heavy-construction 
shop  to  assure  that  tha  findings  of  tha  Investigation  would  ba  representative  of  shop  practice  and  skills, 
■nth  manual  welding  with  covsred  electrodes  and  aaml-automatlc  welding  with  tha  natal -inert-gas  (MIC) 
process  wore  Investigated.  Vith  tha  axcsptlon  of  controlled  experiments  with  electrode  deliberately 
exposed  to  moisture,  the  covered  electrodes  ware  stored  In  an  oven  at  250*F  up  to  time  of  uaa,  In  accord 
with  approved  shop  practice.  Likewise,  to  aaaura  that  the  findings  would  be  meaningful  In  terms  of  heavy- 
coastructlon  shop  practlcs,  multipass  welding  was  used  together  with  controlled  preheat  and  Interpass 
temperature. 

The  objectives  of  the  program  were  met  by  monitoring  the  weldments  for  acoustic  emission  during 
sod  Immediately  after  welding,  and  for  periods  up  to  eighteen  days.  Stress-wave  Indications  of  delayed 
cracking  were  subsequently  correlated  with  metallographlc  findings  In  selected  weldments. 

Materials  and  Welding  Procedure.  One  of  the  materials  Investigated  in  the  Navy  study  was  a 
100-ksl  yield  strength  constructional  alloy  supplied  In  two  composition  types  a*  shown  In  Table  4.  The 
weldments  were  made  with  both  covered  electrode  and  semi-automatic  MIG  welding.  The  covered  electrode 
vaa  J/16-ln.-dla.  MIL-12018,  and  the  bare  electrode  used  In  MIC  welding  was  1/16-ln.  die.,  MIL-TYPE  B88. 

Shop  procedure  calls  for  a  maximum  energy  Input  of  55,000  Joules  per  linear  Inch  of  weld  In  thicknesses 
of  1/2- in.  or  greater.  The  welds  were  preheated  to  150*F  and  the  Interpass  temperature  was  held  at 
approximately  2S0*F.  Tack  welding  was  not'  used;  the  weldments  were  dogged  to  the  work  table  a*  shown  In 
Figure  15.  Haldlng  was  done  in  a  systematic  manner,  always  proceeding  from  a  to  b  to  c  to  d  (see 
Figure  IS)  In  accord  with  Army  Ordnance  procedure. 


Table  4.  Chemistry  and  Tensile  Properties 


Composition  (Height  percent) 

Tension  (hat) 

£ode 

C  {to  F 

I  Ji  «  ft  Mo  V 

li 

Cu 

m 

FTP 

■7748 

> 

.15  .33  .010 

.019  .27  2.43  1.35  .29  .003 

.001 

.15 

105 

120 

SF3S24 

F 

.10  .79  .005 

.010  .28  3.36  .90  .41  .09 

- 

- 

110 

124 

Acoustic  Eriiriw  During  and  Ia«d<it<ly  After  Welding.  On*  objective  of  thla  study  waa  eo 
4atana.no  the  feaalblllty  of using  acoustic  aniaalon  aa  a  supplementary  nondestructive  Inspection  aathod 
to  detect  cracking  durlm  welding.  For  thla  purpoa*  tho  ayataa  ahovn  In  Figure  16  waa  uaad.  In  general, 
tha  flrat  waldnanc  to  be  coaplatad  on  a  given  day  waa  nonltor*d(  atartlng  with  tha  laat  void  paaa  ami 
continuing  for  approximately  two  houra  after  tha  conplatlon  of  waldlng.  In  tha  caa*  of  tha  cruciform* 
voided  with  cow rad  alactroda,  data  war*  collactad  fron  tha  aa-dapoaltad  joint,  and  than  tha  alag  waa 
raaoxl  fron  tha  void  and  nonltorlng  continued  for  tha  remainder  of  tha  two-hour  parlod. 

For  thoaa  cruel fora*  welded  with  eovarad  alactroda,  during  welding  and  for  the  flrat  faw  nlnuta* 
after  waldlng  there  waa  a  vary  largo  atraaa-wave  aniaalon  (SWE)  count  rat*  which  waa  found  to  b*  In  largo 
part  the  raault  of  cracking  alag.  For  aaaapla,  aa  ahovn  In  Flgur*  17,  In  tha  flrat  5-mlnutee  after  weld¬ 
ing  waa  coaplatad,  tha  cruclfora  generated  over  1,500,000  count*;  wheraaa,  on  removal  of  the  alag,  the 
count  In  tha  next  S-alnut*  parlod  lncraaaad  by  only  70,000.  The  data  aa  aaan  on  an  oacllloacope  before 
and  after  raaovlng  the  alag  were  typical  of  natal  cracking.  Thua,  alag  cracking  waa  found  to  preclude 
the  uaa  of  acouatlc  aniaalon  aa  an  lnapactlon  method  for  cracking  during  welding  where  covered  alactroda 
1*  uaad.  After  thla  fact  had  bean  eatabllahed,  tha  alag  waa  removed  lmnadlately  after  welding.  In  the 
MIC  walda,  tha  data  recorded  during  and  lmnadlately  after  completing  the  laat  weld  paaa  la  aaeumed  to  ba 
tha  conblnad  raault  of  nartanalta  tranaformatlon'®®'  and/or  ahort-tln*  cold  cracking. 

Flgur*  16  above  tha  data  collected  fron  the  laat  two  paaaea  In  MIG  waldlng  a  1-ln. -thick  crucl¬ 
fora.  Kota  that  while  the  aecond  paaa  waa  being  depoalted  (200  KHz  hlgh-paaa  filtering)  approximately 
2,500,000  count*  war*  recorded  over  a  parlod  of  30  aaconda.  The  algnala  observed  on  the  oacllloacope 
war*  characteristic  of  stress-wav*  aniaalon;  few  electrical  disturbances  war*  observed  with  200  KHz  hlgh- 
paaa  filtering.  When  tha  weld  paaa  waa  coaplatad,  tha  filtering  waa  dropped  to  100  KHz.  For  22.5  aaconda 
after  tha  weld  paaa  waa  conplatad,  the  atraas-wava-amlaalon  rat*  waa  vary  high;  thla  was  followed  by  an 
abrupt  reduction  In  tha  rat*  of  atraaa-wav*  aniaalon. 
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Figure  17.  C<»ul«tlv«  Stress  Wave  Count  Before  and  After  Slag  Removal 


V 


Figure  18,  Cumulative  Stress-Wave  Count  During  and  Immediately  After  MIG-Welding 
the  Heat-B  Cruciform. 


Approximately  S  minutes  after  completing  the  2nd  pass,  the  3rd  pass  was  started.  Again,  the 
filter  was  set  at  200  KHs  during  welding;  approximately  5,000,000  counts  were  recorded  over  a  period  of 
35  seconds  while  the ‘3rd  pass  was  being  deposited.  The  filter  was  then  dropped  to  100  KHx;  for  21.5 
seconds  after  the  weld  was  completed,  the  stress-wave  emission  rate  continued  to  be  very  high.  This 
again  was  followed  by  an  abrupt  decrease  in  the  rata  of  stress-wave  emission. 

From  Table  5,  when  heat  B  was  welded  with  the  MIG  process,  In  the  period  between  5  and  10 
minutes  after  the  weld  was  completed,  the  average  SWE  count-rate  was  14,000  per  minute,  and  In  the  10 
to  15  minute  period,  the  count  rate  was  7,400  per  minute. 


Table  5.  Summary  of  8trees-Vave  Count  Rate  Between  5  &  15  Minutes  After  Welding 


Plate 

Time  After 
Welding 

SWE  Count 
Increeee  Rate 

Pate 

Thick. 

Code 

Electrode 

Joint 

l££t 

(Minutee) 

(count) 

(SWE/min.) 

20  Aug 

1-in. 

B 

bare 

IP  (a) 

#26 

5-10 

10-15 

70,000 

37,000 

14,000 

7,400 

27  Aug 

1-in. 

P 

bare 

IP 

#27 

*-* 

O  V/» 

1  1 

H  H 

v#  o 

157,000 

43,000 

31,400 

8,600 

10  Sept 

2-ln. 

P 

covered 

IP 

#30 

5-10 

10-15 

232,500 

78,000 

46,500 

15,600 

17  Sept 

i-in. 

P 

covered 

IP 

#32 

$-10 

10-15 

223,000 

90,000 

44,600 

18,000 

(a)  Incomplete-penetration  fillet  weld 


Whan  heat  P  was  welded  with  the  MI0  process,  in  the  5-10  minute  period  after  welding  wee  com¬ 
pleted,  the  average  SWt  count  rate  wee  11,400  per  Minute,  end  between  10  and  15  minutee,  the  count  rate 
wee  5,600  per  minute, 


Figure  19  shows  the  strass-uav*  activity  recorded  aa  aooa  aa  tha  slag  was  r»aov«^ ' rom  tha  laat 
pa**  •*  2 -la.  haat  F  valdai  with  covarad  dactroda.  Notu  that  tha  activity  waa  high  at  fltat  but  than 
dacraaaad  rapidly  ovar  a  period  of  approximately  IS  alnutaa.  Thereafter,  a a  aaan  In  Figure  20,  thara 
wara  ouly  occaalor.il  burata  of  atraaa-wava  activity.  In  tha  aacond  and  third  hour  of  recording,  oecaalonal 
burata  of  atran-wave  aalaaloa  wara  evident,  with  tha  cracking  continuing  at  a  wore  or  leea  constant  rata 
ovar  tha  two-hour  period. 

Fron  Table  S,  In  the  period  between  S  and  10  alnutaa  after  cooplating  tha  laat  fillet  weld,  tha 
average  BWB  count  rata  waa  46,300  par  alnuta,  and  In  tha  10  to  lS-alnuta  period,  tha  count  rata  waa  15,600 
par  alnuta.  Crucifora  No.  12,  prapa.ed  froa  1-ln. -thick  haat  F,  generated  a  count  rata  of  44,600  par 
alnuta  between  5  and  10  alnutaa  and  Id, 000  par  alnuta  batwaan  10  and  IS  alnutaa  after  welding.  Thua ,  tha 
atraaa-wave  activity  lMadlataly  after  welding  waa  alaoat  tha  aaee  for  tha  two  waldnant  thlcknaaaoa. 

Delayed  Crack  Datactlon.  Aftar  two  to  thraa  hour*  of  contlnuoua  aonltorlng  laaadlately  after 
welding,  tha  cruel  forma  wara  moved  froa  tha  fabrication  alto  to  tha  Aerojet  plant  In  Sacraaanto,  a  dla- 
tance  of  approxlaataly  75  allca.  During  thla  period,  no  data  wara  taken,  tha  tlaa  loot  traveling  batwaan 
tha  fabrication  alt'!  and  netting  up  in  tha  Aarojet  plant  waa  generally  about  four  houre. 

Upon  return  to  the  Aerojet  plant,  the  progran  plan  called  for  contlnuoua  monitoring  from  1600 
houre  Thuruday  until  0800  houra  on  Monday,  a  total  of  88  houra.  The  ayatea  uaed  in  thla  data  collection 
la  ahovn  In  Figure  21.  Note  that  tha  filter  level  uaed  after  welding  waa  flnlahed  waa  much  lower  than 
that  uaed  during  welding  (aaa  Figure  16). 

Figure  22,  a  plot  of  cumulative  atreaa-wave  count  veraua  tlaa,  la  typical  of  theaa  data;  the 
material  in  Figure  22  la  2-ln. -thick  plate  welded  with  a  12018  elactroda.  Note  that  with  delayed  cracking, 
the  data  warn  predominantly  buret  type .  Tha  data  In  Figure  22  are  froa  cruciform  No.  30;  aaa  Flgurca  19 
and20for  the  data  racordad  lenedlately  after  welding. 

In  addition  to  being  dlaplayad  on  an  X-Y  plotter,  tha  data  were  printed  on  a  atrip  chart  ahowlng 
tha  number  of  counte  recorded  In  aach  1 -minute  period.  Table  6  llluatratea  tha  detailed  Information  that 
can  be  obtained  from  tha  acouetle  emit*  Ion  atrip  chart.  Tha  tlaa  between  atreaa-wave  burata  (AT)  pro- 
vldea  a  aeaeure  of  crack-lncubatlon  time.  In  that  tha  electronic-counter  ayatea  lntegratea  the  number  of 
atreaa  wavea  and  the  aixa  of  tha  atraaa  wave,  the  rate  of  atraaa-wava  ealaalon  (number  of  counta  per 
minute)  la  conalderad  to  be  an  Indication  of  tha  crack-growth  rata.  Tha  cumulative  (total)  count  provldea 
an  overall  Indication  of  tha  maouut  of  cracking.  Tha  tlma  over  which  tha  atreaa  wave  activity  occura 
glvee  tha  duration  of  cold  cracking.  In  Tabla  6,  note  the  large  number  of  occurrencee  In  the  flrat  10 
houra  and  long  lntarvale  between  burata  toward  tha  and  of  the  data  collection  period  (for  purpoaaa  of 
Uluetratlon,  only  the  data  In  the  flrat  10  houra  and  aftar  3S0  houra  are  tabulated  here).  To  eumnarlxa 
tha  atrip-chart  data,  tablea  were  prepared  to  ahow  cha  activity  occurring  In  eucc'-ealve  10-hour  period* . 

Tabla  7  aummarlxea  the  data  preaented  In  Table  6,  baaed  on  count  rate*  of  100  and  500  per  minute. 
A  change  In  count  rata  la  tantamount  to  changing  the  aenaltlvlty  of  tha  ayatem;  l.e.,  If  counta  of  500  or 
greater  are  uaed,  the  amalleat  Increment*  of  crack  growth  are  dlaragarded.  Until  a  thorough  metallo- 
graphlc  Investigation  la  mad*  of  tha  extant  of  actual  cracking  In  each  weldment,  the  alx*  of  burat  that 
la  aaaoclated  with  "meaningful"  crack  ax ten* Ion  la  not  known.  Note,  from  Table  7,  that  the  crucifora 
prepared  from  heat  B  using  stick  electrode  generated  a  v  ch  higher  count  than  tha  cruciform  prepared  from 
haat  *  regardless  of  the  count -rata  used. 

To  eliminate  the  complication  of  different  data-collectlon  periods,  tha  average  count  par  burat 
was  calculated  on  the  basis  of  counts  of  500  per  minute  or  greater.  Table  8  shows  that  the  average  count 
par  burat  waa  remarkably  constant;  this  la  attributed  to  either  a  characteristic  of  ths  system  or  a 
characteristic  of  tha  type  of  cracking.  If  the  latter  la  correct,  this  would  Indicate  that  each  of  the 
conditions  and  materials  tested  generated  the  sen*  slxa  of  crack  Increment  per  burst. 


Correlation  of  Acoustic  Ernie*  Ion  and  the  Extant  of  Cracking.  The  prime  objective  of  tha  Navy 
study  was  to  determine  quantitatively  tha  duration  of  delayed  cracking  In  tha  100-ksl  yield  strength  weld¬ 
ments  as  a  function  of  constraint  and  welding  conditions.  The  study  showed  that  stress-wave  emission 
occurred  In  some  weldment*  throughout  tha  entire  period  of  investigation,  and  this  appeared  to  ba  Irres¬ 
pective  of  constraint  or  welding  process.  Without  metallographlc  examination,  a  question  remained  as  to 
the  alas  of  tha  defect  source  generating  tha  atreaa-wave  emission.  Moreover,  with  more  than  ona  weld  In 
the  cruciform,  there  could  have  bean  multiple  atreaa-wave  source*  which  would  preclude  meaningful  lncuba- 
tloc-tlme  measurements.  In  other  words,  tha  high  count  rate  observed  during  ths  first  several  nours  aftar 
welding  could 'have  been  tha  rasult  of  any  one  or  a  combination  of  tha  following  sources:  (1)  discontinuous 
growth  of  a  faw  large  cracks,  (2)  graln-by-graln  cracking  along  an  enlarging  crack  envelope  and/or  (3)  a 


myriad  of  sanll  cracka.  Moreover,  different  cracking  mechanisms  nay  have  been  Involved  while  the  weldment 


was  cooling  as  opposed  to  aftar  the  velduent  was  cold.  While  the  weldment  was  hot  and  cooling,  micro- 


cracking  may  have  been  occurring  In  tha  weld  natal  over  the  entire  length  of  tha  deposit,  and  after  the 


weld  was  cold  the  atreaa-wave  emission  nay  have  been  from  one  or  more  cracks  In  the  weld  and/or  HaZ.  Also, 


with  high  amplification  and  aanaltlvlty  In  the  SWAT  system,  .the  count  rata  observed  during  welding,  and 


continuing  for  a  short  tlaa  after  tha  welding ,  may  have  bean,  at  least  In  part,  generated  by  the  martensite 
transformation'68) . 


TUo  weldments  war*  selected  for  metallographlc  examination.  Tha  sectioning  was  In  accord  with 
tha  procedure  used  by  Army  Ordnance'72)  except  that  tha  weldment*  wars  not  stress  relieved  and  the  etchant 
had  to  be  modified.  Two  percent  nltal  was  used.  The  weldments  selected  were  cruciform*  31  (haat  B)  and 
32  (haat  F);  the**  war*  1-ln.  thick,  waldad  with  covered  electrode  and  nonit ored  for  440  hours  (spprox. 

18  days).  Based  on  aacro-exaainatlon,  weldment  31  with  over  200,000  counts  wss  found  to  ba  cracked  over 
tha  astir*  length  of  tha  4  weld.  Based  on  a  decreasing  depth  of  crack  In  each  successive  section,  the 


TIME  AFTER  COMPLETING  WELDMENT  (minuln) 


DATt 

WO 

17  S«pt 


TAMi  <  •  1-IN.  PUT!  WOOED  WITH  17011  COVERED  EUCTROOE 
INCOMPLETE -PENETRATION  fILLETS 


COOC  1,  HEAT  17741 

coot  P. 

HUT  5P3524 

time 

EMISSION 

TIME 

EMISSION 

CLOCK 

41 

RATE 

TOTAL 

Clock  " 

4l 

RATE 

TOTAL 

1002 

Welding  Complete 

HIT 

Welding  Complete 

1440 

System  On 

1440 

System  On 

1450 

147 

147 

1454 

1 

130 

277 

1500 

2 

100 

377 

1501 

1 

779 

1156 

1500 

7 

1485 

2441 

1511 

3 

460 

3301 

1512 

1243 

1293 

1312 

1 

094 

4195 

1513 

1 

1656 

5051 

ISM 

1 

237 

4000 

151i 

4 

5242 

4535 

15K 

4 

2939 

9027 

1519 

l 

357 

9304 

1524 

3 

754 

10130 

1524 

2 

130 

240 

1527 

4 

145 

4400 

1544 

10 

190 

450 

1549 

3 

2501 

13039 

1550 

23 

722 

7402 

1551 

2 

405 

724 

1552 

1 

2307 

14031 

1553 

3 

IM3 

1545 

1553 

1 

1396 

17427 

1440 

7 

400 

907 

1404 

4 

3194 

21104 

1406 

2 

1900 

23086 

1401 

15 

230 

*795 

1400 

2 

253 

339 

1610 

2 

1004 

9084 

1410 

2 

0516 

31055 

Mil 

1 

2444 

12133 

1612 

2 

139 

994 

M14 
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4492 

19525 

16M 

2 

100 

32102 

1422 

1 

340 

550 

1425 

11 

117 

19442 

1420 

4 

213 

743 

1430 

3 

i  at 

14744 

M32 

4 

Ml 

32924 

1434 

4 

12200 

31952 

1434 

0 

1046 

33970 

1445 

9 

432 

34402 

MSI 

17 

1400 

33540 

MSI 

6 

3764 

30166 

1701 

to 

100 

264 

1735 

34 

157 

423 

1739 

4 

797 

39220 

1744 

5 

1199 

40419 

1747 

3 

303 

722 

1001 

21 

347 

41009 

U20 

04 

•94 

1020 

12 

175 

244 

1027 

7 

304 

570 

1141 

21 

142 

34594 

1144 

5 

157 

34753 

1056 

29 

2394 

43964 

m 
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100 

AJ144 

1054 

1 

1000 

45153 

1402 

3 

1540 

44720 

1407 

21 

410 

35143 

1407 

5 

724 

47444 

14U 

11 

420 

40044 

1427 

4 

1149 

49243 

1442 

35 

1519 

36673 

1450 

0 

472 

37645 

2002  - 

10  hrs  after  welding 

2019 

52 

400 

49951 

2032 

42 

m 

37747 

-* 

s-. 

2035 

3 

407 

39434 

2044 

11 

469 

52564 

2047 

12 

4940 

45424 

2105 

21 

212 

776 

2117  - 

10  hrs  Mr  mM  completion 
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TABU  <  (Continual 


COOC  I.  HEAT  BT748  CODE  P.  HEAT  5P3524 


DATE 

TIME 

EMISSION 

Time 

EMISSION 

WO 

CLOCK 

a! 

RATE 

TOTAL 

clock 

£1 

RATE 

TOTAL 

2  Oct 

0002  • 

350  hr*  liter  melding 

OUT  - 

350  hr*  liter  welding 

1002  - 

3o0  hr*  titer  melding 

1117  - 

360  hr*  liter  melding 

1304 

1518 

168 

875 

1730 

1308 

109 

811 

1737 

7 

152 

963 

tin 

331 

783 

323658 

2000  • 

370  hr*  liter  melding 

2117  • 

370  hr*  liter  miUing 

5  Oct 

am 

456 

634 

324292 

0214 

1 

3755 

328047 

0602  • 

380  hr*  liter  melding 

0717  • 

300  hr*  liter  melding 

1105 

52* 

154 

201 

lilt 

6 

103 

304 

1410 

17* 

177 

481 

1600  • 

3*0  hr*  i Iter  welding 

1717  • 

310  hr*  liter  melding 

1*52 

135 

176 

100139 

2012 

362 

140 

621 

2028 

36 

727 

866 

2056 

44 

104 

725 

4  Oct 

0055 

23* 

126 

851 

0200  - 

400  hr*  liter  welding 

0054 

11* 

1881 

330732 

0317  - 

400  hr*  liter  melding 

0507 

133 

136 

868 

0512 

5 

121 

*8* 

0020 

t 

125 

331114 

1202  * 

410  hr*  liter  melding 

1301 

461 

472 

586 

1317  - 

410  hr*  liter  melding 

1501 

1113 

125 

*91 

ISO! 

125 

1*0 

778 

2202  • 

420  hr*  liter  melding 

2317  - 

420  hr*  liter  welding 

5  Oct 

0121 

622 

144 

331*22 

0812  - 

430  hr*  liter  melding 

0*17  - 

430  hr*  liter  melding 

0*17 

1096 

305 

1012*6 

0*24 

121 

417 

0*32 

227 

644 

0940 

10* 

753 

WIO  Syitem  OR 

1010  System  OH 

uae  - 

440  hr*  liter  melding 

1*17  - 

440  hr*  liter  welding 

H,’ 

& 


* 
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Figure  31  •  SWA?  Inetruaieotation  Died  (n  Monitoring  Delayed  Crooking 
at  Aerojet. 


Figure  32.  Cumulative  scree*  Wave  Count  Pro*  6  to  JO  h  after  Welding  Heat  P  eith 
Covered  Electrode. 


^*93P 


Table  7,  Streu-Wav*  Rmleeion  fro*  1-tn.  100-kai  Yield  Strength  CruciforM 
Welded  with  13010  Covered  Kleotrode. 


BASH)  ON  A  KATR  OR  800  COUNTS 
PM  NINUTR  OK  GRBATRR 


BA8RD  ON  A  RATK  OP  100  COUNTS 
PRR  NINUTR  OK  0RRAT8R 


Plata  k  nut*  P  _  nm  * _  PUtaJL 


Parted 

-ML, 

Alttli 

"Tie, 

Ul 

No. 

No. 

Sera ta 

fWR  Count 

10-10 

t 

1,700 

9 

*1,637 

4 

9,879 

14 

98,899 

*0-30 

19 

39,813 

7 

13,407 

30 

36,319 

16 

17,307 

80-10 

8 

14,708 

1 

1,641 

as 

18,713 

4 

8,133 

40-80 

3 

86,791 

0 

0 

16 

90,197 

0 

0 

80-80 

4 

3,798 

0 

0 

6 

6,106 

0 

0 

♦0-70 

« 

17,109 

0 

0 

14 

19,037 

0 

0 

70- SO 

0 

0 

0 

0 

7 

1,331 

0 

0 

10-90 

1 

SOI 

0 

0 

3 

1,908 

0 

0 

*0-100 

4 

10,393 

1 

1,030 

10 

89,048 

1 

1,030 

100-110 

9 

7,383 

0 

0 

6 

8,469 

0 

0 

110-180 

8 

1,034 

0 

0 

3 

1,834 

0 

0 

no-  no 

8 

13,838 

0 

0 

13 

87,099 

1 

800 

180-140 

0 

0 

0 

0 

0 

0 

0 

0 

140-180 

3 

3,948 

1 

938 

18 

3,393 

1 

936 

180*180 

0 

0 

0 

0 

3 

1,339 

0 

0 

180-170 

1 

1,334 

0 

0 

3 

1,846 

0 

0 

170-180 

9 

8,783 

0 

0 

4 

3,339 

1 

111 

180-190 

0 

0 

0 

0 

3 

938 

0 

0 

190-800 

1 

933 

0 

0 

1 

933 

0 

0 

900-810 

1 

881 

0 

0 

3 

1,311 

0 

0 

810-980 

7 

13,879 

0 

0 

8 

13,618 

0 

0 

980-880 

1 

1,334 

0 

0 

7 

3,010 

0 

0 

*80-840 

0 

0 

0 

0 

9 

333 

0 

0 

940-830 

0 

0 

0 

0 

0 

0 

0 

0 

930-880 

0 

0 

0 

0 

0 

0 

0 

0 

98Q-870 

0 

0 

0 

0 

0 

0 

3 

303 

*70-880 

a 

1,911 
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0 

9 

3,738 

10 

1  *A3fl 

880-890 

9 

3,064 

0 

0 

3 

3,997 

3 

946 

890-300 

0 

0 

0 

0 

3 

333 

0 

0 

300-310 

1 

789 

0 

0 

3 

1,481 

0 

0 

310-380 
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0 

1 

604 

0 

0 

a 

80S 

810-330 

1 

688 

0 

0 

1 

668 

0 

0 

380-340 

0 

0 

0 

0 

8 

619 

0 

0 

340-330 

0 

0 

0 

0 

0 

0 

* 

1,420 

330-360 

0 

0 

0 

0 

1 

168 

0 

0 

360-370 

A 

713 

0 

0 

1 

765 

9 

961 

870-380 

9 

4,389 

0 

0 

8 

4 

0 

0 

380-390 

0 

0 

0 

0 

3 

431 

0 

0 

390-400 

1 

1,881 

1 

787 

4 

9,931 

9 

903 

400-410 

0 

0 

0 

0 

4 

834 

0 

0 

410-490 

0 

0 

0 

0 

1 

198 

1 

123 

480-430 

0 

0 

0 

0 

1 

144 

0 

0 

480-440 

0 

_ 2 

0 

0 

0 

4 

768 

Total 

89 

948,869 

81 

48,118 

860 

886,390 

76 

38,490 

Table  8. 

Number  of  Burtita,  Total  Count  (Bursta  of  300 
or  Nora  Count.*),  and  Average  Count  par  Buret 

Naldaent. 

Plat*  B 

Plat*  P 

Procaae 

No.  Sure  to  SWS  Count 

No.  Bu'reta  SWK  Count 

l-in. 

Stick 

89 

248,889 

21 

42,112 

Av*.  2.790 

Av*.  .2*200 

8-in. 

Stick 

30 

38,188 

27 

34,052 

Av*.  _ioM 

Ava.  2,000 

1-io. 

MXG 

68 

111,573 

97 

169,323 

Av*.  1,6.40 

Av*.  1,7.30 

2-in. 

NXO 

33 

37,410 

29 

40,801 

Av*.  1,640 

Av*.  Ju41£ 

..J 
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Acoustic  Bmtasion  from  Welded  Aluminum 


One  characteristic  Of  acoustic  emission  la  that  onee  a  given  atreaa,  or  load,  haa  been  applied, 
and  tho  acouatic  emiaalon  aaaoclated  with  the  reaulting  creep  haa  ceaaed,  in  the  abaence  of  a  subcritieal- 
crack-growth  mechanism,  no  more  emiaalon  will  occur  until  thla  atreaa  level  la  exceeded.  If  the  load  la 
removed,  and  then  reapplied,  no  emioalon  occura  until  the  prevloua  load  haa  been  exceeded,  Thla  is  the 
so-called  Kalaar  effect. 

Figure  23  la  a  comparison  of  data  from  two  2219  longitudinally  welded,  unnotched,  tension 
specimens.  Note  that  an  Increase  In  stress-wave  activity  is  indicated  in  the  range  of  5  to  10  kips  load 
on  the  first  application  of  load.  When  the  specimens  were  loaded  for  a  second  time,  the  activity  in  this 
range  completely  disappeared.  Thla  behavior  is  consiatent  with  the  Kalaer  effect. 

One  of  the  specimens  (No.  27  shown  in  Figure  25)  was  subjected  to  a  third  load  cycle.  For  the 
third  cycle,  a  model  2213  accelerometer  was  spring  mounted  on  the  specimen,.  The  data  were  filtered  at  a 
band  width  of  60  KHs  with  approximately  the  same  gain  as  in  the  previous  cycles,  vis.,  100  db.  The 
following  tabulation  of  streas-wave-count  data  illustrates  the  marked  drop  in  count  in  each  successive 
cycle  at  a  given  load  and  the  marked  increase  in  count  just  before  failure  in  the  3rd  cycle  (the  precursor 
of  fracture) t 


Specimen 

Cycle 

Date 

Load 

Count 

Max.  Load 

Total  Count 

27 

1 

11-3-70 

36.85 

134.000(a) 

36.85 

134.000(a) 

2 

11-3-70 

36.85 

3.200(b) 

38.30 

3.500(b) 

3 

9-29-71 

36.85 

730(b) 

40.65 

610.000(c) 

(a)  High  count  resulting  largely  from  the  peak  in  stress-wave  activity  at  10  kips 

(b)  Kaiser  effect 

(c)  Precursor  of  failure 

Figure  26  shows  the  precursor  as  seen  in  the  3rd  cycle;  the  specimen  fractured  at  40  kips.  Note  that  as 
a  result  of  the  Kaiser  effect,  the  stress-wave  activity  did  not  begin  until  about  38  kips,  the  maximum 
load  of  the  2nd  cycle. 


Figure  25 


Kaiser  Effect  in  Longitudinally 
Welded,  Unnotched,  Tension  Specimen. 
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Figure  27  is  a  comparison  of  unnotched,  welded  and  unwelded,  room-temperature  tests.  Note  that 
the  parent-metal  specimen  showed  virtually  no  stress-wave  activity  until  there  was  a  tooling  problem,  at 
which  time  the  specimen  was  unloaded,  the  situation  corrected  and  then  reload'd.  The  fact  that  there  was 
an  increase  in  stress-wave  activity  at  about  10  kips  in  welded  specimens  but  iot  in  unwelded  (parent-metal) 
specimens  suggests  that  the  change  in  stress  wave  activity  at  low  load  on  2nd  loading  could  be  the  relief 
of  residual  welding  stresses  rather  than  the  Kaiser  effect. 

A  comparison  of  data  from  precrahked  specimens  also  indicated  an  Increase  in  stress-wave  activity 
in  the  range  of  S  to  10  kips  load.  These  were  part-through-crack  (PTC),  longitudinally  welded,  tension 
specimens  of  2219  aluminum.  From  Figure  28  note  that  when  the  filter  level  was  reduced  from  90  KHz  to 
40  KHz,  the  evidence  of  activity  at  10  kips  was  markedly  increased,  and  when  the  specimen  was  loaded  a 
second  time,  the  .ictivity  completely  disappeared.  This  behavior  is  consistent  both  with  the  Kaiser  effect 
as  well  as  with  the  behavior  that  would  be  expected  if  the  first  load  cycle  had  produced  a  stress  relief. 

Effect  of  Filter  Level.  Band-pass  filtering  has  long  been  recognized  as  an  essential  part  of 

any  acoustic-emission  detection  system.  Variations  in  machine  or  environmental  noise  from  day  to  day 
sometimes  necessitates  changes  in  the  filtering  level;  however,  an  attempt  is  made  to  minimize  such  changes 

in  the  filtering  level  because  of  the  effect  of  filter  level  on  the  cumulative  count.  Consider,  for  example, 

the  following  data  for  unnotched,  2219-T87  longitudinally  welded,  tension  specimens  No.  27  and  28,  and  also 
2219-T87,  longitudinally  welded,  PTC-tension  specimens  No.  29  and  30. 


Specimen  No. 

Test 

Temperature 

(°F) 

High-Pass 

Filter 

KHz 

Trigger 

Level 

(set  Point) 

Cumulative 

SWE  Count 

27 

75 

90  +  90 

8.5 

0.13  x  10* 

28 

75 

40  +  40 

5.0 

2.02  x  10b 

29 

75 

90  +  90 

8.0 

0.08  x  10* 

30 

75 

40  +  40 

5.0 

1.18  x  10* 

As  seen  from  these  data,  reducing  the  filter  level  from  90  KHz  to  40  KHz  Increased  the  cumulative  count 
by  more  than  an  order  of  magnitude.  The  difference  in  set  point  was  an  adjustment  in  signal  gain  in  the 
Dunegan  system,  and  not  a  change  in  trigger  level.  In  the  Dunegan  system,  the  trigger  level  is  fixed  at 
0.707  volt.  When  filtering  at  40  KHz,  more  background  noise  was  detected  and  therefore  less  gain  was 
required  to  bring  the  signal  up  to  a  level  just  under  the  0.707-volt  trigger  level.  Figure  29  schemati¬ 
cally  illustrates  this  condition.  With  the  quieter  system  provided  by  90  KHz  filtering,  a  higher  set 
point  (gain)  was  required  to  bring  the  signal  up  to  a  level  just  under  the  0.707-volt  trigger  level. 


CONTINUOUS  IN-SERVICE  SURVEILLANCE 


Acoustic  Emission  as  a  Precursor  of  Fracture 

Office  of  Naval  Research  Study From  single-edge-notched  tensile  tests  of  7075-T6  aluminum, 

HY-80  and  HY-150  constructional  steels,  D6aC  low-alloy  high-strength  steel,  and  6A1-4V  titanium,  it  was 
found  that  stress-wave  amplitude  and  repetition  pate  are  recognizable,  reproducible  stress-wave  charac¬ 
teristics  which  cAn  be  used  as  precursors  to  crack  instability.  SEN  tensile  tests  of  7075-T6  aluminum 
involving  a  range  of  widths,  thicknesses  and  crack  depths  all  showed  essentially  the  same  stress-wave 
behavior.  However,  marked  differences  in  stress-wave  characteristics  were  observed  as  a  function  of 
material  toughness.  In  highly  tough  HY-80,  HY-150,  D6aC  (austenitized  at  1750°F  and  tempered  at  1100°F) , 

>  and  6A1-4V  (aged  at  1250°F)  where  there  was  no  detectable  pop-in  by  either  crack-opening-displacement  gage 

or  stress-wave  emission,  the  failure  process  was  identified  by  an  increasing  stress-wave  count,  starting 
!  at  approximately  the  load  corresponding  to  deviation  from  linearity  in  the  crack-opening-displacement  f 

chart.  In  the  more  brittle  D6aC  steel  (austenitized  at  1750°F  and  tempered  at  600°F)  and  7075-T6  aluminum, 
plane-strain  instability  was  identified  by  an  order-of-magnitude  increase  in  stress-wave  amplitude  and  the 
final  failure  process  was  identified  by  an  increasing  stress-wave  count,  generally  starting  at  approxi¬ 
mately  the  plane-strain  pop-in.  In  the  extreme  embrittlement  of  D6aC  austenitized  at  1550°F,  fracture 
occurred  directly  from  the  plane-strain  pop-in  with  only  two  or  three  stJ  ..as  waves  before  the  final  un¬ 
stable  burst  of  crack  growth.  Subsequent  studies  at  Aerojet  showed  that  acoustic-emission  can  be  used 
to  not  only  presage  plane-stress  instability  but  also  plane-strain  instability. 

\  » ■ 

Acoustic  Emission  as  a  Precursor  of  Plane-Strain  Instability.  Much  of  the  materials  testing 
done  at  Aerojet  using  acoustic  emission  for  monitoring  crack  growth  has  been  at  room  or  elevated  temperature. 
One  observation  common  to  all  the  studies,  regardless  of  the  material  investigated,  was  that  the  stress- 
wave-emission  signals  have  characteristics  which  serve  as  a  precursor  of  failure;  viz.,  (1)  a  marked  in¬ 
i'  crease  of  the  amplitude  of  the  signals  as  observed  in  real  time  on  an  oscilloscope,  (2)  a  marked  Increase 

’■  in  the  signal  repetition  rate  (count  per  second)  and  (3)  a  marked  increase  in  the  slope  of  the  cumulative 

f  count-versus-load  plot. 

i 

J  In  the  Office  of  Naval  Research  (ONR)  study,  the  plane-strain  (Kxc)  instability  was  identified 

by  acoustic  emission  but  the  acoustic  emission  monitoring  system  used  did  not  have  sufficient  amplification 

ii  and/or  sensitivity  to  detect  a  precursor  for  the  Kjc  Instability,  However,  in  a  more  recent  study  for  the 
Advanced  Research  Projects  Agency (75)  f  an  improved  acoustic-emission  detection  system  demonstrated  that 
acoustic  emission  can  also  provide  warning  of  the  plane-strain  (Kjc)  instability. 

In  the  ONR  study,  the  stress-wave  instrumentation  utilized  an  accelerometer  and  tape  recorder, 
i  The  signal  from  the  accelerometer  was  tape  recorded  as  unfiltered  data.  On  subsequent  playback  of  the 

tape  recording,  a  filter  was  used  to  eliminate  noise  below  10,000  cps.  The  tape  recorder  used  for  this 
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Figure  29.  Adjustment  in  Gain  to  Compensate  for  Variations 
in  Background  Noise  (trigger  level  fixed  at 
1  volt). 
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work  was  a  portable,  seven-track,  instrumentation  recorder  (IRIG  track  dimensions)  with  frequency  response 
in  the  direct-record-reproduce  system  of  50  to  40,000  cps  at  15  ips  and  50  to  20,000  cps  at  7-1/2  ips  tape 
speed.  Data  analysis  was  accomplished  by  tape  playback  through  an  oscilloscope  and  by  re-recording  on  an 
oscillograph.  The  latter  had  the  advantage  of  providing  both  a  permanent  record  and  time-base  expansion. 

With  the  data  recorded  at  15  ips  and  played  back  at  3-3/4  ips,  the  effective  frequency  response  of  the 
oscillograph  was  approximately  32,000  cps.  The  distribution  of  stress  waves  throughout  the  loading  of 
each  specimen  was  evaluated  by  means  of  a  B&K  level  recorder  and  an  electronic  counter. 

In  the  ONR  study,  the  fact  that  the  emission  data  did  not  provide  a  precursor  of  the  plane-strain 
instability  was  considered  to  be  a  serious  limitation  from  the  standpoint  of  nondestructive  inspection, 
particularly  for  applications  where  leak-before-burst  can  not  be  tolerated  (as  in  a  fuel  tank)  or  in 
materials  and  material  condutions  where  pop-in  results  in  catastrophic  failure  (no  crack  arrest).  In 
these  situations,  emission  data  are  of  little  value  if  there  is  no  precursor  of  the  plane-strain  instability. 
They  can  only  be  used  to  locate  the  flaw  but  will  not  indicate  the  precursor  to  instability. 

In  the  ARPA-sponsored  study,  a  higher-sensitivity  emission  detection  system  was  used.  It  was 
hypothesized  that  if  the  emission  3ensors  would  be  capable  of  detecting  crack  growth  before  the  plane- 
strain  instability  and,  in  particular,  presaging  the  onset  of  plane-strain  instability,  then  SWAT  would 
be  an  important  NDI  method  for  those  applications  where  a  leak  can  not  be  tolerated  or  where  material 
toughness  is  such  that  catastrophic  failure  results  directly  from  plane-strain  pop-in. 

The  instrumentation  used  in  the  ARPA-sponsored  study  is  shown  in  Figure  30.  The  counter  system 
used  to  develop  the  rate  and  cumulative-emission  totals  had  a  frequency  capability  to  10  MHz;  the  overall 
counting-system  response  was  down  3  db  at  700  KHz.  The  data  recorded  on  magnetic  tape  were  limited  in 
upper  frequency  to  the  tape  recorder  capability  of  300  KHz. 

The  data  obtained  during  each  test  were  plotted  versus  applied  load  and  consisted  of  rate  of 
emission,  cumulative-total  count  (TSWE) ,  and  emission  signal-level  in  RMS  volts.  The  emission  sensors 
were  preloaded  against  the  specimen  surface  through  the  use  of  constant-force  springs.  These  are  springs 
which  maintain  a  constant  force,  independent  of  extension.  The  contact  side  of  each  sensor  was  lightly 
coated  with  silicon  vacuum  grease  to  provide  a  good  couplant  between  sensor  and  specimen.  Prior  to  the 
beginning  of  each  test  and  with  all  systems  activated,  the  ambient  noise  level  of  the  system  was  recon¬ 
firmed.  This  simple  check  was  the  key  to  assuring  system  performance.  For  any  given  test,  deviation  from 
the  ambient  noise  level  established  at  the  beginning  of  the  program  was  an  indication  that  something  was 
not  operating  properly  in  the  system.  For  example,  the  low-noise  battery-driven  amplifiers  were  a  poten¬ 
tial  problem  as  the  battery  became  di  barged;  however,  the  ambient-noise-level  check  always  detected 
this  condition.  By  this  procedure,  ea*.  >  test  was  conducted  under  identical  conditions.  Total  system  gain 
for  these  tests  was  set  at  20,000:1. 

Figure  31  illustrates  the  precursor  in  a  plane-strain  part-through-crack  (PTC)  tension  test  of 
2014-T6  at  room  temperature.  Figure  32  was  obtained  from  a  ~320'F  cryogenic  test  of  7039-T61  aluminum 
using  a  compact  tension  specimen  (W0L  configuration,  1-in.  thick,  2-in,  wide).  This  specimen  gave  over 
220,000  counts  before  it  failed  and  the  plot  provided  a  more  or  less  typical  precursor  to  failure. 

However,  it  i»  apparent  that  the  counter  trigger  level  affected  the  precursor”6'. 


Figure  30,  Instrumentation  System  for  Fracture  Testing 
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Effect  of  Trigger  Level.  When  the  effect  of  trigger  level  on  the  precursor  was  Investigated, 
it  was  found  that  the  trigger  level  used  in  counting  the  stress-wave  emissions  had  a  marked  effect  on 
the  precursor.  For  example,  in  Figure  33  the  data  from  2014-T6  specimen  8-8,  tested  at  73°F,  were  played 
back  at  trigger  levels  of  0.059,  0.070,  0.090  and  0.12  volt.  Note  that  at  the  lowest  trigger  level 
(0.06  v) ,  the  precursor  appeared  to  occur  at  about  25%  of  the  failure  load;  whereas,  at  the  highest  (least 
sensitive)  trigger  level,  the  precursor  was  small  and  occurred  only  just  before  failure.  In  Figure  34, 
it  will  be  seen  that  at  an  0.15-volt  trigger  level, the  2219-T87  specimen  showed  no  precursor  whatsoever; 
whereas,  at  an  0.07-volt  trigger  level  there  was  an  unmistakable  precursor.  Because  the  choice  of  trigger 
level  is  arbitrary,  selection  of  a  quantitative  value  of  load  corresponding  to  the  onset  of  crack  in¬ 
stability  does  not  appear  to  be  meaningful. 


Figure  33.  Effect  of  Trigger  Level  on  Precursor  in  a  PTC-Teneion  Test  of  2014-T6  at  75*F. 


Figure  34.  Effect  of  Trigger  Level  on  Precursor  in  a  PTC-Tenelon  Teet  of  2219-T87  at  75*P, 


The  effect  of  trigger  level  on  the  precursor  is  beet  understood  by  a  consideration  of  the  back¬ 
ground  "noise"  level.  If  the  background  noise  Increases  (band  widens)  as  the  load  Is  increased,  the 
stress-wave  count  could  be  affected  If,  at  the  start  of  the  test,  the  triggering  voltsge  Is  set  Just 
above  the  background  "noise"  level.  Comparisons  between  the  background  "noise"  band  widths  at  the  start 
of  loading  and  near  fracture  are  shown  In  Figure  35.  At  low  load,  In  the  elastic  region,  the  background 
"noise"  produced  a  relatively  narrow  signal  band;  while  at  loads  near  fracture,  In  the  plastic  region, 
the  band  was  significantly  widened.  Likewise,  in  comparisons  between  room  and  cryogenic  test  teapera- 
tures,  at  low  temperature  where  plastic  deformation  is  minimized,  the  width  of  the  band  was  essentially 
the  same  near  fracture  as  at  the  start  of  loading.  This  suggests  that  the  broadened  band  near  fracture 
in  the  75*F  tests  was  the  result  of  plastic-zone  formation.  No  attempt  was  made  to  photograph  burst- 
type  stress  waves;  when  they  appeared  In  the  photographs,  It  vas  by  chance.  Figure  36  schematically 
shows  the  effect  of  background  "noise"  at  three  triggering  levels  for  room-temperature  tests.  As  the 
load  Increased,  the  net  section  yielding  and  the  plastic  zone  at  the  crack  tip  Increases  and,  consequently, 
the  continuous  emission  increases.  At  a  low-voltage  trigger  level,  the  background  "noise"  Increases  to 
trigger-level  one  at  a  relatively  low  load,  producing  an  anomalously  low  precursor.  At  trigger-level 
three,  the  specimen  Is  practically  at  the  failure  load  before  the  background  "noise"  has  Increased  to 
the  trigger  voltage,  giving  little  or  no  precursor  (see  Figure  33  for  actual  test  data). 
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Figure  36.  Background  “Noise"  st  Various  Stages  of  Notchad  and  Vwotehad  Tenalon  Testa. 


Figaro  36.  «eha»atle  of  the  tffact  of  Trigger-Level  Setting  on  tha  Precursor 
Isolation  of  an  Acouatlc-Eailsslon  Sourcs  from  Estrsneous  Holsa 

06 oC  Aircraft  Fittings.  Indications  of  low  fractura  toughness  la  a  D6aC  ataal  vtng-plvot- 
iuooort  structure  arouaad  lotaraat  In  tha  poaaibla  uaa  of  acoustic  aalsalon  as  a  nondestructive  Inspection 
■at hod  for  aircraft.  Aarojat  was  requested  to  lastnaasnt  a  P6aC  wing-pivot  fitting  during  fatlgua  taat 
la  an  aircraft  structural  taat  facility,  tha  objective  of  tha  test  was  to  (1)  dataruloa  If  acoustic 
aalsalon  could  bo  detected  a-d  separated  fron  tha  inherent  noise  of  full-scale  fatlgua  tasting,  and 
(2)  dauonstrate  tha  location  of  atrasa-wava  origins  by  sansor-aoning  techniques.  An  Aarojat  coaputerlxed 
aystaa  was  used  for  this  purpose.  Tha  prasalactad  ’’sphere  of  Interest."  was  a  taper-lock-fastaned  door 
In  tha  wing  carry-through  structure.  Sensors  were  positioned  so  as  to  Monitor  a  sphere  of  Interest  of 
approximate! t  2-ft  dla.  Thus,  seniors  1,  3,  6  and  9  established  a  circle  In  tha  horlxootal  plana,  while 
1,  3,  8  and  11  established  a  circle  In  tha  fore-and-aft  vertical  plana.  Tha  third  plana  was  established 
by  sensors  3,  3,  9  and  11.  Figure  37  shows  sensor  Ho.  2  at  the  cantsr  of  tha  sphere. 


FIGURE  37  -  Ssweni  or  (mtckcst 

Season  A*»*t. 

Cracking  within  tha  tone  of  Interest  was  defined  by  tha  tins  of  stress-wave  arrival  at  tha 
various  sensor  positions.  Stress  wate*  originating  at  or  near  tha  canter  of  tbs  sphere  of  Interest 
arrive  first  at  tha  center  ser  sor  and  later  at  the  circumferential  sensor  locations.  Conversely,  stress 
waves  or  aetrsneoos  noise  originating  outside  the  sphere  of  interest  arrive  first  at  tha  circumferential 
sensor  positions  sad  latsr  at  the  center.  Equipment  which  automatically  displays  tha  sequence  and  time 
differentials  dearly  da  flood  activity  originating  from  tha  primary  area  of  Interest.  The  computerised 
system  housed  la  a  vaa  performed  this  function. 

msm  wm  .. »—  o—  .y  ussur,  mo  rstwnsf  cone  n*o  rone  warn  cr— n  -  screws  sms  nanus 

fron  crack  growth  in  D6aC  steal  can  be  detected  In  selected  areaa  aurlng  teat;  (b)  taat  system  noises  can 
be  accounted  for  and  separated  fron  crack  growth  by  at  ’east  two  naans;  vlr.,  (1)  spheres  of  lntaraat  are 
developed  by  preaalected  eenaor  arrays  whlrb  serve  to  Isolate  specific  araaa  ot  the  test  streture  and 


(2)  mechanical  noltes  generally  hava  a  slower  rlaa  tlata  than  tfta  transient  stress-wave  pulse  which  pro¬ 
vide*  anothar  aaana  of  dlacrlainatlng  notaa  fro*  crack  extension;  and  (e)  rutoeuted  control  of  tha 
load-release  anchanlan  aay  ha  uaad  to  avoid  cataatrophlc  fallura  fro*  araaa  being  monitored  during 
■tructural  testing  of  aircraft  and  component*. 

Wool tor Ini  a  Known  Crack  tn  a  Steel  Structure.  A  largo  ataal  structure  undar  construction 
waa  found  to  contain  a  crack-  Tha  crackad  gird*.-  conalatad  of  a  2-ln. -thick,  30-tn.-vld*  tanalon  flange 
with  a  7/l-in. -thick  wob.  Whtla  conatructlon  waa  abut  down.  It  waa  posalbla  to  monitor  tha  atructura 
for  subcrltlcal  crack  growth  using  tha  system  shown  In  Figure  58.  Whan  thara  waa  extraneous  noise  In 
tha  atructura,  It  waa  nacessary  to  utlllxa  a  computerised  system  with  an  array  of  four  accelerometers 
to  distinguish  between  signals  gensrated  by  the  known  crack  and  those  from  elsewhere  In  the  structure. 
With  a  coaputerlxed  system  It  was  posalble  to  discount  any  stress  wave  emanating  from  a  source  other 
than  the  crack  under  lnveatlgatlon. 
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Figure  58.  Schematic  of  tha  System  read  In  Monitoring  a  Cracked  Girder  In  a 
Large  Steal  Structura. 

Isolation  of  tha  known  defect  fro*  extraneous  atraaa-wava  sources  was  accomplished  In  the 
fallowing  Banner:  a  pulsar  which  alaulatce  stress  waves  In  the  natal  waa  placed  In  the  Immediate  vici¬ 
nity  of  tha  known  crack.  Then  four  sensors  were  positioned  In  an  array  around  the  crack  and  puleer  so 
that  sensor  Mo.  1  received  tha  pulsar  signal  first,  sensor  Mo.  2  received  the  signal  second,  etc.  With 
a  computer  logic  syate*  to  determine  tha  difference  In  time  of  arrival  (At)  between  sensors,  and  a 
computer  to  recalve,  store  and  print  tha  data  by  talatype.  It  was  possible  to  distinguish  between  stress 
waves  emanating  fro*  tha  known  crack  (or  structural  clamant)  and  extraneous  "noise".  Whenever  the  tele¬ 
type  printout  showed  a  sensor  sequence  other  than  1,  2,  3,  A,  and  with  At  values  significantly  different 
fro*  those  determined  with  tha  puleer,  tha  data  ware  rejected  ss  not  coning  fro*  thn  known  crack. 

A*  axeaple  of  the  data  prtnt-ut  fro*  the  pulsar  with  the  puleer  positioned  close  to  the  known 
crack  In  shown  In  TablalO.  Figure  39  shows  the  position  of  the  tensors  and  puleer  relative  to  the  known 
crack.  From  Table  10  note  that  tha  difference  In  tine  of  arrival  between  sensors  1  and  2  wee  80  Micro¬ 
seconds,  between  sensors  1  and  3  was  170  alcroseconde  and  between  sensors  1  and  A  was  approximately  390 
micros  see ode .  The  number  In  the  first  column  of  the  teletype  printout  la  the  aentor  that  first  receives 
the  signal.  M>aa  signals  were  generated  by  a  source  other  than  the  known  crack,  co limns  (s),  (b),  (d) 
end  (g)  nf  tha  talatype  printout  indicated  the  sensor  position  out  of  sequence. 
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Eaasrpla*  of  th*  teletype  printout  for  emission*  fro*  aourcte  other  than  the  known  crock  art 
•hovn  In  Tabl*  11.  Not a  that  etraae-wave  calaalon  originating  fro*  location*  other  than  tha  known  crack 
resulted  In  a  variety  of  aanaor  aaquancaa.  EKE  on  th*  talatyp*  printout  algntflaa  a  time  dlf farantlal 
In  axcaae  of  a  praaat  arbitrary  naxlaua.  Tha  taat-tlm*  printout  (column  h)  la  th*  tin*  fro*  th*  atart  of 
th*  data  collection  in  hour*.  Thua,  fro*  Tabl*  11  at  0.25  hour*  ttat  tine,  aanaor  No.  1  flrat  received 
a  atraaa  wav*,  aanaor  No.  4  received  the  algnal  90  microseconds  later,  aanaor  No.  2  received  th*  algnal 
1750  microsecond*  after  aenaor  No.  1,  and  finally,  aanaor  No.  3  received  the  algnal  but  too  late  to  be 
recorded.  Tha  sequence  1,  1,  2,  3  Indicated  a  aourcc  other  than  th*  known  crack.  The  difference  In 
pulaar  tin*  check*  between  Table*  10  and  11  1*  th*  reault  of  a  email  change  In  the  pulaer  and  aenaor 
poaltlonln*. 

Inatru—ntatlon  for  ln-Pl*ld  flaw  Detection 

Preeaur*  Veaael  Monitoring.  Th*  Aerojet  mobile  laboratory  ha*  baen  uaed  in  the  qualification 
teatln*  of  large  preaaure  veaael*.  In  addition  to  an  array  of  accelerometers,  four  pulaer*  are  located 
on  th*  preaaur*  veaael  to  provide  a  mean*  of  Introducing  an  artificial  atrea*  wave  while  the  veaael  1* 
under  preaaur*.  Th*  hydrotcat  procedure  conatated  of  three  cycle*,  with  tho  preaaure  reduced  to  low 
value  between  each  cycle.  The  nedla  wa*  water;  th*  material  waa  2215  aluminum  with  a  nominal  wall  thtek- 
neaa  of  0.190  In.  Tha  van  and  tank  ar*  ahown  In  Figure  40. 


Figure  *0.  Van  and  Preaaur*  Veaael  Prior  to  Teat. 

The  pulaer*  were  uaed  aa  an  overall  ayate*  check.  An  electrical  algnal  waa  fed  Into  th* 
pulaer* ,  which  tranaforaad  th*  electrical  algnal  Into  aachanlcal  energy  and  then  trana*lttad  th*  energy 
to  th*  wall  of  th*  preaaur*  veaael.  The  alaulatad  atraaa  wave  trana*itt*d  by  th*  pulaer  propagated 
through  the  preaaur*  veaael  and  waa  detected  by  the  15  aenaor*.  Thua ,  th*  pulaer*  provided  a  check  of 
th*  detection  aenaltlvlty  and  th*  reliability  of  the  electronic  component*  aa  well  aa  an  evaluation  of 
th*  software  of  the  computer.  With  pulaer*  located  in  different  poaltlona  on  th*  preaaur*  veaael,  th* 
pulaer*  alao  provided  a  check  of  the  ayate*  capability  for  detection  and  location  of  a  atreaa-wave  eource. 
During  teat,  when  ther*  la  no  crack  growth,  no  solutions  arc  poated  by  the  computer  and,  therefor* ,  with¬ 
out  th*  pulsars,  th*  operator  has  no  way  of  knowing  at  any  given  time  If  the  system  la  In  peak  operating 
condition.  With  th*  pulsars,  on  the  other  hand,  th*  operator  periodically  can  make  an  ln-test,  at  load, 
overall  ayatem  check. 

Th*  trigger  level  of  the  system  waa  eat  20  millivolts  above  the  background  p  lee  level,  and 
th*  signal  amplification  waa  sat  to  provlda  a  60-db  gain.  The  mechanical  noise  of  the  hydroteet  system 
was  sufficiently  low  chat  th*  filter*  ware  sat  at  30  KHs  high-pass. 

Data  display  was  by  visual  and  graphical  means  In  real  time  during  th*  teet.  Th*  video  dis¬ 
play  warn  on  a  television  monitor  vhieh  also  showed  tha  aanaor  location*  on  an  overlay  plan  view  of  th* 

- - 1.  i*  stress  waves  war#  poatad  on  tha  screen  of  th*  monitor  to  that 

their  locacioa  couiu  om  Imnuse  _ _ '  -  *•  '  ~  •-  -IcvTr.T 

attention  was  paid  to  areas  Indicating  multiple  relation*  tine*  this  car  be  Indicative  of  suberltieal 
crack  growth.  Video  tap*  records  of  th*  monitor  display  also  were  aed*  for  poettest  data  analysis  If 
required. 
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Analog  record*  w«r*  made  of  th*  atr***  wav**  recorded  by  each  of  thirteen  of  the  fourteen 
channel*  ua*d  to  eonltor  the  preaaur*  vessel.  The**  war*  recorded  using  a  fourteen-channel  tap*  recorder 
operating  In  a  direct  nod*.  The  fourteenth  channel  wa*  used  for  tape  aynchronou*  control.  In  addition, 
a  totallaer  system  waa  used  to  plot  th*  emulative  etress-vavc-emisslon  count  va  preaauro  for  each  hydro¬ 
teat  cycle.  Th*  output  froa  channel*  9,  10,  11  and  12  war*  mixed  and  plotted  aa  a  a ingle  output. 

The  hydroteat  produced  no  algnlftcent  Increase  In  atreee-weve  rate  during  the  preaaur*  cycling. 
Th*  background  nola*  (amplitude  and  frequency)  encountered  during  the  hydroteet  was  very  low  with  10  KHz 
hlgh-paa*  filtering.  Multiple  emissions  were  detected  froa  two  areas.  These  suspect  areas  were  checked 
usln*  other  nondestructive  Inspection  methods  to  ensure  that  no  defecta  of  significant  size  were  present. 
Only  rand oa  lapulae*  were  detected  froa  the  remainder  of  th*  pressure  veeael. 

Defecta  Too  Small  to  be  Verified  by  Conventional  NCI.  When  acoustic-emission  source*  are 
located  and  then  found  by  conventional  nondestructive  Inspection  (NDI)  methods  to  be  too  aaall  to  require 
repair  (or  are  too  small  to  be  located  at  all  by  the  available  NDI  technique),  the  suspect  locatlon(s) 
can  be  monitored  continuously  using  a  simple,  compact,  non-coaputerited ,  data-condltlonlng  system  which 
utilizes  a  high-frequency  transducer  attached  to  the  pressure  vessel  at  th*  center  of  th*  suspect  ares. 
Because  of  th*  Inherently  high  attenuation  of  stress  wave*  in  th*  megahertz  range,  only  those  signals 
emitting  froa  the  source  In  th*  Immediate  vicinity  of  th*  transducer  will  be  recorded.  This  concept  Is 
ait  alternative  eo  th*  technique  of  using  an  array  of  transducers,  calibrated  with  a  pulsar  signal,  and 
data  processed  by  computer.  Another  alternative  Is  s  system  based  on  two  sensors  which  will  accept  only 
ehos*  signals  that  originate  froa  sources  that  lie  on  a  line  between  the  two  sensors.  Thus,  if  a  veld  Is 
Indicated  to  contain  the  stress-wave-enlsslon  source,  two  sensors  can  be  attached  to  the  pressure  vessel 
at  an  appropriate  distance  apart  along  tha  weld. 

Keel-Time  Computer-Baaed  Systema.  Example*  of  raal-ttm*  comouter-based  systems  are  shown  in 
Figures  41  and  42.  Figure  41  1*  a  j lew  of  th*  16-channel  system  houaud  In  a  truck,  thus  providing  a 
aobtle  laboratory;  It  wa*  this  aystea  that  was  used  In  the  applications  described  In  previous  paragraphs. 
A  aore  recent  10-channel  systea  Is  shown  In  Figure  42.  Operation  of  this  ayatea  Is  relatively  simple  due 
to  th*  Inclusion  of  self-checking  circuits  In  th*  Digital  Analyzer  and  software.  The  application  of  th* 
systsa  Is  initiated  by  locating  th*  sensor-preamplifier  packages  on  th*  test  vehicle.  This  Is  done  at 
the  test  sit*  uelng  conventional  surveying  procedure*.  Th*  nuaber  and  arrangement  of  the  sensor*  are 


Fleur*  41.  Interior  Vie.  of  Nobile  Acoustic-Emission  Laboratory 


dstsrmlnsd  by  th*  alia  and  ahapa  of  tha  praaaura  vaaaal  up  to  tha  maximum  avallabla  In  thla  system  o' 

10  channels.  Tha  aanaor  packages  ara  eonnactad  by  coaxial  cablca  to  the  patch  panal  of  the  msln  acouatlc 
aalaalon  Instrumentation  conaolaa.  Theee  conaolea  contain  all  other  components  excapt  the  teletype  and 
reaota-vldeo  dlaplay.  Tha  lattar  la  a  aalf  contained  unit  which  can  be  located  u|  to  fifty  feet  fro* 
tha  aaln  lnatruaentatlon  conaolaa. 


»MtW>T  OP  THEORETICAL  AMD  EXPERIMENTAL  LIMITATIONS 

Schofield,  In  a  recent  publication  devoted  to  acouatlc  emission^777,  directed  attention  to  the  pllpht 
of  tha  acoustic-emission  lnveatlpator  at  the  current  atate  of  the  art  In  the  following  hvnothetlcal 
eltuatlon: 


"A  large  preaaure  veaaal  haa  been  in  aervlce  for  aeveral  yeara  and  la  to  be  teated 
for  preaaure  lntearlty.  Certain  areaa  of  the  veaael  are  physically  lnacceaalhle  'or  the 
more  general  ultraaonlc  and  radlogranhlc  lnapectlon  method*  because  of  structural  con¬ 
figuration,  lnaulatlon,  concrete,  radiation  and  other  factors.  Of  course,  a  nrlme  motive 
for  employing  acouatlc  emlaalon  la  that  Immediate  proximity  to  the  area  la  not  necessary, 
but  also,  more  often  than  not  these  Inaccessible  areas  contain  dlsront 1 nultv  reelons 
associated  with  relatively  high  local  atreaaea. 

"The  tnveetigator  begins  to  receive  a  number  of  distinct  burst  signals  on  hla  monitor. 

The  rate  that  these  signals  occur  provide  lmoortant  Information  on  the  defect  propagation 
rate,  whila  the  time  delays  of  tha  signals  arriving  at  the  transducers  provide  the  data  for 
computation  of  emission-source  location.  How  does  the  Investigator  distinguish  between  the 
rapid  propagation  of  a  laree,  critically  growing  cracV,  and  the  simultaneous  emlaalon  from 
several  aaialler  Insignificant  cracks,  all  in  tha  near  victnitv  of  each  other?" 

f  19) 

First,  with  retard  Co  tha  question  posed  by  Schofield.  It  has  been  shown  '  that  when  a  crack 
approaches  Instability  (near  critical  siaa),  the  attending  acoustic-emission  rate  la  markedly  Increased 
over  Chat  for  aubcrltlcal  crack  growth.  However,  the  observation  la  nualitatlve  necause  engineering 
judgement  la  required  In  eetabltehlna  the  trigger  level  for  the  electronic  counter  avetem.  In  addition 
to  the  question  oosed  by  Schofield,  there  ere  several  related  nueatinna  that  further  point  up  the  experl- 
acntal  limitations  of  uslna  acoustic  emission  as  a  nondestructive  test  method.  The  additional  related 
questions  that  the  acoustic-emission  investigator  must  take  Into  consideration  are  (1)  what  if  there  is 
•  single  source  which  repeatedly  emits  but  shows  no  sign  of  instsbll 1  tv? ,  (2)  what  lf  subsequent  conven¬ 
tional  nondestructive  Inspection  Is  Incapable  of  detecting  the  source?,  O)  will  the  electronics  dis¬ 
tinguish  beeween  extraneous  electrical  disturbances  which  produce  high-rise-time,  alngle-pulse ,  signals';, 
(A)  what  la  to  be  done  If  there  la  white  noise  In  the  system?,  and  (5)  will  the  system  distinguish  between 
crack  growth  and  metallurgical  coarpllcstlona  such  as  phase  transformation,  creep,  twinning  and  slip-line 
development? 

Not  all  theee  questions  can  ba  answered  In  a  satisfactory  manner  at  thla  time.  However,  the  more 
troublesome  of  the  limitations  are  discussed  in  the  following  paragraphs. 

Correlation  of  Acoustic  Emlaalon  with  Site  of  Creek  end  Crack  Growth  Rate 


One  of  the  moat  significant  assets  of  acoustic  emission  Is  the  ability  to  detect  the  presence 
of  active  defects  In  structures  and  by  the  use  of  special  (systems)  techniques  to  physically  locate  the 
defect  to  the  structure.  A  major  shortcoming  In  the  practical  application  of  this  asset  Is  the  present 
Inability  to  determine  the  slcc  of  the  defect  wl-h  reasonable  accuracy.  To  date  there  have  been  no 
conclusive  results  raportad  from  which  tha  olxe  and  propagation  rata  can  be  determined^"). 

Potentially  ana  of  tha  moat  important  observations  derived  from  acoustic-emission  technology  Is 
that  the  emlaalon  characteristics  of  flawed  specimens  are  highly  dependent  upon  the  etreaa  Intensity  of 
the  flaw  present .  The  first  evidence  obtained  at  Aerojet  of  a  relationship  between  etress-vave  emission 
and  stress  intensity  factor  cams  from  a  study  of  fatigue  cracking  In  1/9  x  9  x  24  in.  D6aC  through-cracked, 
center-notched  panels").  As  shovn  in  Figure  43,  the  crack  growth  rate  In  low-cycle  hlgh-stress-lntenslty 
fatigue  wee  directly  proportlonel  to  the  auamatlon  of  stress-wave  amplitude  In  each  style. 

At  about  the  sane  time,  Dunegan,  Harris  and  Tatro  at  tha  University  of  California  Lawrence 
Radiation  Laboratory  (LRL)  showed  thet  with  the  count  trigger  level  set  to  record  plastic  deformation 
(dislocation  activity),  most  of  tha  emission  occurs  during  and  shortly  after  yielding,  then  decreases  as 
further  straining  takes  place.  Based  on  the  volume  of  metal  being  strained  In  the  plastic  zone  at  the 
tip  of  a  crack,  Dunegan  assumed  that  the  acoustic  emission  count  rate  would  be  proportional  to  the  rate 
of  Increase  of  the  volume  of  metal  producing  tha  acouatlc  emission.  This  led  to  the  prediction  that  lf 
all  the  acoustic-emission  pulses  are  added  up  as  the  test  proceeds,  then  at  any  time  the  total  number  of 
counts  will  be  proportional  to  the  fourth  power  of  the  stress-intensity  factor  associated  with  the  flaw 
at  the  time.  Figure  44  from  the  work  of  thaegan  and  Harrl- ,  shows  the  relationship  between  strese- 
Inteaslty  factor  and  acoustic  aalaalon  cumulative  count  In  rltln; -load-to-failure  teats  of  7075-T6 
aluminum.  Hots  that  data  obtalnad  from  four  Initial  crack  lengths  grouped  Into  a  single  curve  fitting 
the  theoretical  fourth-power  curve.  Unfortunately ,  the  plots  of  such  data  did  not  always  conform  to  s 
fourth  power  curve;  In  another  study,  Dunegan  and  Harris  reported  the  exponent  to  vary  between  the  6th 
and  tth  power.  Later  studies  at  Aerojet'2’)  Indicated  a  uirect  proportionality  between  (trees -Intensity 


factor  and  ciatilatlva  (tnii-vivr  count  In  elngle-edge-notch  tcnaion  specimens  (Figure  45).  It  Ri  hypo¬ 
thesized  that  tha  Jiff crania  between  tha  LFL  and  Aerojet  teat  rsaulta  could  ba  tha  raault  of  a  dlffaranca 
la  trigger  laval.  At  LRL  tha  counter  trigger  level  vaa  eat  to  Include  the  contlnuoua  ealaaion  produced 
by  plaatic  deformation;  whereat.  In  moat  Aerojet  etudlea,  tha  trigger  level  waa  act  above  tha  contlnuoua 
ealaaion,  focuaing  on  the  burat-type  atraaa-wave  ealaaion  aaaoclatad  with  lncreaental  crack  growth. 
However,  dlfferencea  froa  teat  to  teat,  even  with  a  suppotedly  conatant  data-acqulaltlon  eyatea,  have 
bean  encountered  and  aa  yet  not  explained. 


Figure  45.  Relationship  letveen  Street  Intenaity  and  Cumulative  Count  ror  Materials  Under 
Conatant  Load  and  Subjected  to  Streaa-Corroeion  Cracking  in  70*F  Hater. 


The  importance  of  the  relatlonehlp  between  atreaa  Intenaity  factor  and  acouatlc  ealaaion  Ilea 
in  the  poaalblllty  of  eatlaatlng  flaw  alxea  and  failure  load  baaed  on  ln-eervlce,  real-tlae,  nondeatruc- 
tlve  lnapectlon  of  a  flawed  atructure  utilizing  acouatlc  ealaaion.  However,  before  thla  can  be  realized, 
auch  haa  to  be  learned  about  the  varlablea  affecting  the  count-vereua-K  relationship.  To  facilitate 
coaparlaona  between  reaulta  obtained  In  the  varloua  studies  at  Aarojat,  a  computer  program  waa  used  to 
calculate  stress-intensity  values  from  empirically  determined  values  of  load  and  COD,  and  to  plot  various 
relationships.  These  relationships  were  based  on  the  following  fracture-mechanics  parameters'™); 

C 

(COD)I/(l-v2) 


where  C  is  the  strese-fleld  energy  release  rate  (In. -lb/in.*),  K  Is  thr  stress  intensity  factor  (ksi-in.*), 
I  la  tha  modulus  (pel),  COD  la  crack-openlng-dlsplacement  (In.),  V  la  Poisson’s  ratio,  £  la  the  plastic- 
zone  (in.)  and  FTT  la  the  0.2  percent  offset  yield  strength  (psl). 

It  was  hypothesized  that  If  the  electronic  counter  Integrates  site  and  nusfcer  of  the  -eta- 
wavs  emission,  the  count  can  be  assumed  to  be  proportional  to  the  stress-field  energy  release  race,  C. 

Based  on  thla  assumption,  it  can  ba  shown  that  tba  above  fracture-mechanlcr  parameters  should  provide  a 
proportionality  between  TSVt  and  trtl  and  be  tween  COD  and  (1-v  )  TSWE/FTY,  where  TSWE  is  the  cumulative 
strtts-wave-emlsslon  count. 

A  computer  program  waa  uaed  to  calculate  the  stresa-intenelty  veluee  from  empirically  detrr- 
alned  values  of  load  and  COD.  and  to  slot  the  aeai-empirical  relationshlpa ,  The  relationship  K  versus 
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A  single  heat  of  Crade-250  maraglng  ateel,  split  to  provlds  part  aa  sir-melt  (AM)  and  part  aa 
vscuum-arc-rsmalt  (VAX)  provided  cn-ourse tnr  raaulta  aa  will  be  aeen  from  Figures  46-47. 

Figure  48  preaente  data  from  three  teata  of  hlgh-touphneaa  D6aC  material  0.1-ln.  thick,  tempered 
at  UOO*F.  Figure  49  shows  the  reaulta  for  the  aame  heat  of  T)6aC  but  heat  treated  to  a  higher-strength, 
lower- toughneaa  condition  (600*F  temper). 

From  auch  etudtee  aa  dcacrlbed  above,  It  will  be  teen  that  In  the  preaent  etage  of  development, 
acouatlc  emlealon  la  not  capable  of  determining  quantitatively  the  alee  of  a  aource  de'ect  except  at  the 
onaet  of  crack  lnatabllity  and  then  only  If  the  fracture  toughneaa  (critical  atreta  lntenalty)  la  known. 
Thue,  acouatlc  eelaelon  muet  be  uaed  in  conjunction  with  conventional  nondeetructlve  Inspection  to  deter¬ 
mine  the  alee  and  orientation  of  the  aource  defect.  Relationships  between  cumulative  stress-wave  count 
and  applied  stress-intensity  factor  have  been  observed  in  the  laboratory  and  show  great  promise.  However, 
the  work  has  been  done  with  simple  test  specimens;  application  of  the  relationship  to  prototype  structures 
remains  as  one  of  tne  most  important  objectives  of  future  research  and  development.  If  the  relationship 
can  be  applied  to  actual  structures  and  tankage,  then  It  will  be  possible  to  calculate  the  crack  size  from 
the  cumulative  atress-wuve  count  and  the  known  stress. 

Flaws  Too  Small  to  be  Detected  by  Conventional  Nondestructive  Inspection 

When  acoustic  emission  sources  are  located  and  then  found  by  conventional  nondestructive  Inspec¬ 
tion  (NDI)  methods  to  be  too  small  to  require  repair  (or  are  too  small  to  be  located  at  all  by  the  avail¬ 
able  HD I  technique),  the  suspect  locatlon(a)  can  be  monitored  continuously  using  a  simple,  compact,  non¬ 
computerized,  data-condltlonlng  system  which  utilizes  a  high-frequency  transducer  attached  to  the  pressure 
vesael  at  the  center  of  the  suspect  area.  Because  of  the  Inherently  high  attenuation  of  stress  waves  In 
the  ategaherts  range,  only  those  signals  emitting  from  the  source  In  the  lmedlate  vicinity  of  the  trans¬ 
ducer  will  be  recorded.  This  concept  la  an  alternative  to  the  technique  of  using  an  array  of  transducers, 
calibrated  with  a  pulser  signal,  and  data  processed  by  computer.  Another  alternative  la  a  system  based 
on  two  sensors  which  will  accept  only  those  signals  that  originate  frum  sources  that  He  on  a  line  between 
the  two  sensore.  Thus,  If  a  weld  la  Indicated  to  contain  the  stress-wave-emlsalon  source,  two  sensors 
can  be  attached  to  the  pressure  vessel  at  an  appropriate  distance  apart  along  the  weld. 

Electrical  disturbances 

Switches  can  often  be  a  aource  of  trouble  by  producing  a  single  hlgh-rlse-tlme  spike  which  will 
be  counted  electronically  aa  though  It  were  a  stress  wave.  The  essential  difference  between  an  electrical 
pulse  and  acouatlc  emission  la  In  the  ring  down  seen  aa  an  exponential  decay  In  the  stress  wave  as  viewed 
on  an  oscilloscope,  whereas  the  electrical  signal  la  seen  aa  a  single  pulse  devoid  of  ring  down.  One 
method  for  ellmlnarlng  this  problem  la  to  Incorporate  an  electronic  device  In  the  counting  system  which 
counts  only  when  the  ring-down  phenomenon  la  present.  Another  approach  la  to  Ignore  signals  which  reach 
several  Sensors  simultaneously.  It  la  characteristic  of  the  extraneous  electrical  signal  In  a  given 
circuit  to  appear  In  all  sensor  outputs  on  that  circuit  simultaneously.  In  laboratory  testing  where  com¬ 
puterized  aource  location  la  not  uaed,  a  dummy  sensor  la  used  (mounted  on  a  plats  devoid  of  cracking). 

When  the  teat  plate  and  the  dumay  plate  simultaneously  show  an  increase  In  count,  the  signal  Is  discarded 
aa  being  electrical. 

White  Holae 

Hetal-to-metal  rubbing  and  escaping  gab  are  two  examples  of  phenomena  which  generate  noise  con¬ 
taining  all  frequencies  and,  therefore,  are  difficult  if  not  Impossible  to  eliminate  by  band-pass  filtering. 
If  the  source  of  the  white  noise  can  not  be  eliminated,  mechanical  signature  analysis  can  be  used.  This 
technique  la  well  known  and  has  been  uaed  widely  for  detecting  wear  In  rotating  parts;  e.r.,  In  bearings. 
The  noise  under  normal  service  (with  no  worn  or  defective  parts)  Is  recorded  and  later  compared  at  regular 
Internals  during  service.  When  the  noise  changes  appreciably.  It  la  a  warning  of  the  presence  of  a 
defective  part  or  cracking. 

The  transducers  used  In  acouatlc-emlaalon  studies  are  well  suited  to  mechanical  signature 
analysis.  If  a  crack  la  approaching  Instability,  a  narked  Increase  In  count  rate  will  occur,  over  and 
above  the  normal  count  rate  produced  by  the  Inherent  noise. 

Extraneous  Holes  from  Metallurgical  Sources 

The  transformation  of  austenite  to  martensite  as  a  weld  cools  will  produce  signals  that  appear 
to  be  weld  cracking.  The  transformation  will  occur  along  an  Isotherm  starting  at  the  M,  temperature  and 
ending  at  the  Hf  temperature;  the  Isotherms  will  progress  across  the  plate  as  it  is  being  welded  at  a 
distance  behind  the  traveling  arc.  With  a  system  of  two  sensors  which  will  accept  only  those  signals  that 
originate  between  the  two  sensors  and  continuously  report  where  the  source  la  located  along  that  line,  the 
phase- transforms! lor.  can  be  Identified  by  correlating  the  acouatlc  emission  data  with  temperature 
measurements  la  the  plate. 

Twtamlag  and  slip-line  development  per  se  are  difficult  to  distinguish  from  cracking  since 
plastlr  deformation  la  Inherent  at  the  crack  tip.  The  stresses  for  slip  or  twinning  are  not  a  constant 
for  a  given  material,  but  vary  with  test  temperature,  strain  rate,  alloy  content,  grain  alee  and  other 
variables.  In  moat  materials  having  a  SC C  structure,  the  yield  stress  for  slip  increases  sharply  with 
decreasing  temperature,  whereas,  the  twinning  stress  la  relatively  Independent  of  temperature.  At  high 
loading  rates  or  at  low  temperature,  twinning  Is  the  preferred  sola  for  deformation  In  BCC  metals.  There 
la  considerable  evidence  that  twinning  la  an  extremely  effective  deformation  node  for  nucleating  cleavage 
eemaka.  o— s>”)  has  so  luted  oat  that  auch  cracks  will  than  grow  slowly,  by  plastic  dafoimatlon,  until 
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subcritical  crack  growth  such  as  stress  corrosion,  fatigue  or  strain  aging,  there  will  be  slow  crack 
growth  until  the  point  of  instability  is  reached.  Thus,  in  the  present  state  of  the  art,  there  is  no 
known  way  to  distinguish  between  twinning  per  se  and  crack  growth. 

When  materials  are  subjected  to  a  rising  load  at  room  temperature,  followed  by  a  period  of  sus¬ 
tained  load,  as  in  proof  testing,  acoustic  emission  commonly  shows  a  continuing  but  decreasing  rate  of 
emission  for  a  short  period  of  time.  The  phenomenon  has  been  likened  to  room-temperature  creep;  the 
mechanism  has  not  been  identified.  However,  in  the  presence  of  a  crack,  at  net-section  loads  well  under 
the  proportional-limit  stress,  when  this  phenomenon  is  observed  it  is  believed  to  be  associated  with 
plastic-zone  formation  at  the  crack  tip  and,  therefore,  can  be  used  to  locate  the  crack.  Moreov  r,  when 
there  is  troublesome  noise  during  rising  load,  by  interrupting  the  loading  process  periodically,  ?h'.s 
phenomenon  can  be  utilized  to  detect  and  locate  the  growing  crack. 
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VI I. D  SURFACE  DYE  PENETRANTS 

Wolfgang  Hansen 


SUMMARY 

In  the  manufacture  of  parts  for  high-stress  duty,  maximally  reliable  and  economic 
inspection  for  irregularities  has  become  a  mandatory  procedure.  For  the  detection  of 
near-surface  discontinuities,  two  penetrant  inspection  processes  have  won  general  accep¬ 
tance:  one  using  red  dye;  and  the  other,  fluorescent  penetrant. 

With  a  few  exceptions,  these  inspection  processes  lend  themselves  ideally  to  use  on 
practically  all  metallic  and  non-metallic  materials. 
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VI I. E  MAGNETIC  PARTICLE  TESTING 
Eberhard  Cickhaut 


SUMMARY 

Whereas  the  penetrant  inspection  processes  are  suitable  for  testing  very  nearly  all 
the  materials  utilised  in  the  air  industry,  the  magnetic  particle  inspection  methods  are 
restricted  to  use  on  ferro  magnetic  materials.  Notwithstanding  this  limitation  the 
magnetic  flaw  detection  methods  are  preferred  wherever  the  sixe  and  the  material  of  the 
components  will  admit  of  its  application.  This  preference  is  attributed  to  the  greater 
simplicity  and  ease  of  process  and  detection  over  penetrant  Inspections. 


Fundamentals . 485 
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vii.d.  sohpace  pemihabt  dies 

Wolfgang  Hansen 


FUXD1KENT1LS 

for  conclusive  Inspection,  s  high  contrast  is  needed  between  the  defeot  and  the  sound  background 
of  the  part.  To  this  end,  red  or  fluorescent  d ye  suspended  normally  In  oil  Is  allowed  to  pene¬ 
trate  the  defects.  The  discontinuities  oust  be  open  to  the  surface.  Penetration  Is  attributed 
to  capillary  action,  where  a  crack  is  likened  to  a  tuba  of  ■lorosooplo  oalibre.  (FIG.  l). 

When  this  oaplllary  tube  is  placed  in  a  vessel  holding  a  wetting  liquid,  the  liqu*  '  will  rise  In 
the  tube.  The  rise  la  characterised  by  the  following  relationship!  )* 


h  ■  — 
r 


ar- « 


where  h 
P 
r 

r 

< 


elevation  In  tube,  comparable  with  depth  of  penetration  in  on 

fores  of  liquid  acting  on  elreunference  of  tube,  surfaoe  tension  In  dyn.om-* 

one-half  the  Internal  diameter  of  tube  In  on 

apeolflo  weight  of  liquid  in  g»om“^ 

acceleration  due  to  gravl ty 9 , 81  m*s 

(no.  2} 


As  It  will  become  readily  apparent  from  the  foregoing  expression,  the  elevation  In  the  tube  relates 
to  three  quantities.  Of  these,  tension  p  and  apeolflo  weight  g~ are  considered  material  constants. 
The  greater  the  magnitude  of  p,  the  higher  the  elevation.  The  relationship  also  oonnotes  that  a 
decline  In  calibre  and  apeolflo  weight  produces  a  rise  in  elevation. 


Inasmuch  as  a  crack  may  properly  be  considered  a  capillary  tube  aqueesed  flat,  the  implications 
for  the  Inspection  process  are  these! 

the  narrower  the  creak,  the  higher  the  elevation  of  the  penetrant.  It  follows  that  there  Is  a 
Halt  to  penetration  when  the  width  of  crack  Is  soaevhsre  near  two  to  five  times  the  else  of 
aoleonle  In  the  penetrant.  The  readability  of  the  penetrant  lndloatlon  Is  determined  by  the  sen¬ 
sitivity  threahhold  of  the  human  eye.  so  that  perception  will  be  preoluded  when  the  amount  of 
dye  drops  below  a  oertaln  minimum.  )*  The  Inspection  medium,  then,  must  be  selected  to 


—  maintain  the  specific  weight  of  the  penetrant  at  a  minimum 


—  give  a  maximum  of  surfaoe  tension. 

These  properties  cannot  be  varied  arbitrarily!  considerations  such  as  the  solubility  of  the  basic 
dye  and  the  desired  degree  of  creep  of  the  penetrant  all  compel  a  compromise  whloh  ultimately 
dictates  the  final  propertlee. 

PERFOHMAHCE 


Irregularities  to  be  revealed  by  the  use  of  a  penetrant  must  be  surface-connected.  By  this  token, 
the  defeats  must  bs  free  from  grease,  oil  carbon,  acids,  alkalis  or  any  other  contaminants. 

Free leaning  by  grinding  or  abrasive  blasting  is  normally  not  tolerated!  it  tends  to  plug  voids, 
to  peen  the  edges  of  discontinuities  and  so  to  seal  the  defects.  (FIO.  }). 

All  parts  are  thoroughly  preoleaned.  On  oily  dirt,  perehloroethylene  or  trl  vapour  gives  good 
results.  Stubborn  dirt  can  be  overcome  by  prior  washing  in  warn  alkali  solution.  Thereafter 
the  part  is  thoroughly  rinsed,  cleaned  and  then  dried  to  remove  water  from  the  discontinuities. 
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Falling  this,  abrasive  blasting  may  be  employed  aa  a  last  resort  and  must  then  be  performed  with 
all  possible  oaution. 

Abrasive  blasting  must  be  as  brief  as  possible. 
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Blasting  will  almost  always  saal  ths  aors  close-lipped  discontinuities.  Aoesss  of  tha  psnstrant 
to  ths  dsfsot  Is  than  aohlsTed  by  etching  ths  aatarlal  with  an  acid  or  alkali.  This  removes  a 
aodest  amount  of  aatarlal,  enough  to  reopen  ths  discontinuity.  (FIG.  4). 

Where  materials  are  susceptible  to  intergranular  corrosion,  electrolytlo  atohlng,  such  as  electro¬ 
lytic  polishing,  has  been  finding  increasing  use  in  exposing  defects  sealed  by  abrasive  blasting. 

2.  Penetration 

After  cleaning,  the  surface  is  wetted  with  the  penetrant.  (FIG.  $). 

While  any  of  the  commonly  practiced  methods  of  application  will  normally  give  entire  satisfaction, 
dipping  is  preferred  .*1  series  production,  where  the  parts  are  staoked  in  baskets  and  run  through 
a  succession  of  baths. 

For  spot  inspection,  spray  cans  are  being  used  to  advantage. 

The  penetrant  dwell  time  is  selected  to  suit  the  aaterial  under  lnspeotlon  so  as  to  ensure  ade¬ 
quate  depth  of  penetration. 

A  penetration  tine  of  10  mlnutea  will  be  sufficient  on  castings  of  llght-netal  alloys  exhibiting 
ooaparatlvely  ooarse  defects,  whereas  20  alnutes  is  recommended  for  forgings  and  steels  having 
occasionally  very  fine  cracks. 

For  eoonomy,  ths  dipping  asthod  allows  tha  penetrant  to  drip  off  during  the  last  five  ainutes  to 
recover  soae  of  the  expensive  penetrant. 

3.  Removal  of  Penetrant 

For  oontraat  between  the  defeat  end  ths  sound  aaterial,  the  penetrant  is  removed  from  the  surfaoe 
of  the  part  to  remain  only  in  the  discontinuity.  Depending  on  the  method,  the  surplus  penetrant 
la  rinsed  off  with  water  either  directly  or  after  the  application  of  an  emulsifier.  Use  of  a 
gentle  stream  of  water  la  iaportant  for  good  cleaning.  Water-washable  penetrants  come  with  a 
built-in  emulsifier  for  laaedlate  rinsing.  Rinsing  la  Halted  to  the  minimum  time  necessary  to 
remove  all  of  the  surplus  penetrant  froa  the  surface,  for  the  penetrant  in  the  discontinuities 
is  easily  disturbed  by  rinsing.  To  alleviate  this  condition,  a  clock-operated  washing  process 
is  employed  where  the  water  in  s  tank  la  whirled  with  air  under  pressure.  The  optimum  rinsing 
time  la  detsrmined  experimentally.  In  this,  the  surface  la  checked  under  white  or  ultraviolet 
light  every  15  seconds  for  exactly  the  aoaent  that  freedom  froa  penetrant  is  achieved. 

Foat-eaulslflable  penetrants  are  not  water-washable  but  require  the  use  of  an  aaulslfler  before 
they  can  be  rinsed  off  in  the  shape  of  an  eaulelon. 

What  raaalne,  when  the  eaulslfler  dwell  time  and  all  other  conditions  are  just  right,  is  a  crack 
filled  with  penetrant,  exaotly  to  the  surface.  When  the  dwell  time  is  short,  sons  of  the  penetrant 
refuses  to  emulsify  and  will  cling  to  the  surface.  When  ths  dwsll  tine  is  long,  the  effect  of 
eaulelflcation  reaches  down  into  the  discontinuity  and  rinsing  will  then  oarry  away  an  excessive 
amount  of  penetrant.  (FIG.  6). 

During  eaulslfloatlon,  penetrant  is  lnsvitably  carried  into  the  eaulslfler  tank,  so  that  the 
eaulslfler  suffers  froa  an  increasing  degree  of  contamination  with  penetrant.  This  will  in  soae 
measure  extend  the  normally  necessary  eaulslfler  dwell  tlae.  The  still  tolerable  degree  of  con¬ 
tamination  Is  about  20 for  the  oomaonly  used  eaulslflers. 

For  the  purpose  of  experimentally  deduolng  the  proper  eaulslfler  dwell  tlae  and  the  degree  of 
oontaalnatlon ,  a  test  plate  else  100x100x3  aa  of  stainless  stsel,  such  as  XIOCrKITllS  9,  is 
need.  It  incorporates  a  3  aa  dia  hole  drilled  through  one  of  its  corners. 

Its  surface  le  blasted  with  quarts  grit  for  a  mean  profile.  The  plate  is  wetted  with  pene¬ 

trant  and  than  suspended  for  a  duration  of  five  alnutes  to  allow  the  penetrant  to  drain.  There¬ 
after  the  proper  emulsifier  is  applied  in  accordance  with  manufacturer's  instructions.  The  exaot 
eaulslfler  dwell  time  is  reoorded.  After  the  prescribed  dwell  tlae,  the  plate  is  rinsed  laaedlately 
under  a  water  spray,  drained  and  developed  (see  5.).  Inspection  should  then  dlsoloss  no  indications 
other  than  the  dotted  lapresslons  caused  by  grit  blasting.  Red  or  fluorescent  background  hase  is 
indicative  of  deficient  emulsification,  and  the  plate  is  then  reprooessed,  with  the  eaulslfler 
dwell  tlae  extended,  and  again  cheoked  for  proper  background. 

This  procedure  .'.a  iterated  until  the  exabt  tlae  when  the  plate  is  ju«t  .timing  clean  is  ascertained. 
The  mini arm  eaulslfler  dwell  tlae  is  then  determined  analogously. 

Then  when  eaulslflers  of  precisely  known  degrees  of  contamination  are  tested,  a  curve  can  be  plotted 
to  give  the  proper  eaulslfler  dwell  tlae  at  various  degrees  of  eontaalnation.  (FIG.  7). 

4. 

After  washing,  the  part  Is  dried.  In  the  production  of  small-slse  or  series  lteas,  good  results 
are  obtained  with  a  thermostatically  controlled  oven  drier  operating  on  circulating  air. 

To  ooabat  corrosion,  a  continuous  supply  of  fresh  air  1*  lndlspenslble.  Ths  drier  teaperature  is 
preferably  about  65®C,  higher  temperatures  tending  to  dull  the  fluorescent  indication  once  the 
80°C  mark  Is  exoeeded.  Loss  of  fluoresoence  relates  dlreotly  to  temperature  and  tlae,  so  that 
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the  delicate  indications  are  the  first  to  disappear.  For  ease  of  drying  bulky  parts,  a  good 
procedure  is  to  pass  hot-air  jets  around  the  work,  again  avoiding  overheating. 

5.  Developing 

In  many  oases  the  amount  of  dye  in  the  discontinuity  is  not  sufficient  to  form  a  contrast  high 
enough  to  reveal  the  defect.  When  thin  happens,  the  indication  must  be  intensified  and  resort  is 
then  made  to  a  developer,  a  white  powder,  whioh  is  applied  to  the  surface  cf  the  part.  The 
developer  is  heavily  porous  in  structure  and  so  produces  a  counter oapillary  foroe  whioh  when 
contrasted  with  the  penetrant  operates  to  retract  part  of  the  dye  from  the  defect.  This  forms 
an  indication  whioh  is  many  times  the  width  of  the  aotual  defeot.  In  this  manner,  defeots  are 
easy  to  spot.  (FIG.  8'. 

Various  types  of  developer  are  in  current  use. 

In  conjunction  with  fluorescent  dyes,  preference  often  goes  to  developers  in  the  shape  of  light, 
dry  powders.  They  are  normally  applied  in  whirling  cabins.  Surplus  powder  is  removed  from  the 
part  before  inspection  oommenoes.  Another  type  is  the  aqueous  wet  developer,  where  the  part  is 
dipped  in  the  developer  solution  after  washing  and  when  still  wet,  after  whioh  the  developer  is 
briefly  allowed  to  drain  from  the  part  and  the  part  is  then  dried.  This  type  of  developer  ensures 
improved  contrast  with  the  penetrant  in  the  defect.  For  use  in  conjunction  with  red  dyes,  the 
developers  are  mostly  dispensed  from  pressurised  oans.  In  this  prooess,  the  contrast  must  be 
intensified  ae  well  as  the  indication,  so  that  the  developer  is  designed  to  produoe  a  white  back¬ 
ground.  This  is  aohieved  by  adding  to  the  oontenta  of  the  spray  can,  next  to  the  pressure  agent, 
a  volatile  penetrant  solvent.  When  the  solvent  oontaots  with  a  defeot,  the  penetrant  is  diluted 
and  increased  in  volume  for  a  larger  indication.  This  solvent  type  of  developer  must  be  sprayed 
sparingly,  the  right  intensity  of  application  being  aohieved  when  after  the  eolvent  haa  evaporated, 
the  surface  of  the  part  is  stili  barely  peroeptible  as  a  faint  shine  through  the  developer. 
Otherwise,  when  the  developer  is  put  on  too  thick,  delioate  indications  low  in  dye  may  not  be 
able  to  spread  to  the  surface,  and  safe  evidenoe  of  the  condition  of  the  part  is  prevented.  (FIG. 9). 

The  developer  must  be  allowed  sufficient  time  to  form  an  indication.  When  the  oontaot  with  the 
penetrant  is  poor,  developing  time  must  be  extended  to  suit. 

Practical  experience  indioates  a  developing  time  of  15  minutes  for  dry  developers,  while  aqueous 
wet  developers  require  a  time  of  approximately  25$  in  exoess  of  their  drying  time.  Nonaqueoue  wet 
developers  require  5  minutes. 

6.  Assessment 

Evaluation  of  the  indications  requires  perfect  lighting  conditions.  The  time  allowed  for  obser¬ 
vation  of  the  part  under  inspection  is  limited  to  a  brief  period*  some  of  the  test  media  begin  to 
bleed  heavily  shortly  upon  application  and  make  a  oonsidered  judgement  difficult.  The  penetrant 
inspeotor  must  be  dark  conditioned  for  at  least  one  minute  before  exploring  ultraviolet  indications. 

Inspection  takes  place  under  the  filtered  light  of  ultraviolet  lamps  giving  not  less  than  125  watts. 
These  meroury  vapour  lamps  wear  comparatively  fast  and  need  periodic  inspection. 

2 

As  a  minimum  requirement  the  intensity  of  illumination  in  ^W/om  and  when  measured  at  a  distance 
of  300  mm  from  the  filter  glass  shall  be  75$  of  the  performance  in  the  virgin  condition.  Non- 
fooussed  lamps  should  never  be  allowed  to  fall  below  an  output  of  550  ytiW/om  . 

The  test  unit  used  for  verification  is  sensitized  in  the  wavs  length  band  of  365  mm. 

Applicability  of  Prooess  -  Limitations 

Where  parts  exhibit  a  comparatively  rough  surfaoe  profile  resulting  from  a  particular  operation 
in  t,heir  manufacture,  the  disclosure  of  exceedingly  fins  irregularities  is  frequently  not  the 
oondition  actually  sought.  The  employment  of  high-sensitivity  processes  will  oause  the  rough 
surfaoe  to  emerge  as  a  heavily  dyed  background  whioh  makes  it  all  but  impossible  to  spot  defeots, 
considering  that  the  prooess  as  here  desoribed  rests  on  the  contrasting  effeot  of  the  high-lighted 
defeotragainst  the  sound  background. 

In  lnstanoes  like  these  -  ohiefly  when  alloy  oastings  are  under  inspection  -  a  prooess  is  required 
whioh  duly  allows  for  the  oondition  of  ths  surface,  Prefersnot  is  then  aooorded  to  water-washable 
penetrants.  This  prooess  ignores  extremely  delicate  dsfeote  but  safely  reveals  ml- 
oroshrinke  and  oasting  oraoks. 

Titanium  or  steel  parts  are  not  likely  to  product  poor  backgrounds  dus  to  rough  surfaoss.  An¬ 
other  consideration  hers  is  that  the  oraoks  or  discontinuities  are  wholly  disparate  in  nature, 
the  cracks  being  notably  finer,  owing  to  ths  different  material.  This  oalls  for  an  inspection 
process  by  whioh  ths  thrsat  of  washout  is  minimized.  Rescrt.  is  then  made  to  poet-emuleifylng 
penetrants.  These  refuse  to  wash  off  with  water. 

For  oleaning  the  part,  use  must  then  be  mads  of  a  separate  emulsifier  whioh  causes  ths  penetrant 
oil  to  transform,  within  a  precisely  pretot'ibed  period  of  time,  and  btoome  eoluble  in  water.  Ths 
dye  oan  then  be  rinsed  off  with  water,  forming  an  emulsion.  The  remaining  treatment  is  akin  to 
that  of  the  first-named  prooess. 


Intensifying  the  Sensitivity 

Although  post-emulsifying  penetrants  largely  prevent  waehout,  there  are  etill  aome  parta  whioh 
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■uit  be  free  froa  «v«n  the  slightest  of  defeots.  For  theee  applications,  the  sensitivity  of  tha 
prooaaa  Bust  ba  enhanced,  which  la  achieved  in  aavaral  stages. 

Use  of  a  high-dye  penetrant  to  form  indications  of  greater  dye  intensity. 

Use  of  a  vary  slow  acting  eoulslfier  to  allaviata  tha  risk  of  overemulsifying. 

(For  various  reasons  tha  chemical  make-up  of  tha  oil  puts  a  limit  to  tha  promotion  of  sensitivity 
offered  by  this  expedient). 

Use  of  a  hydrophilic  emulsifier. 

This  process  involves  a  change  in  the  sequence. 

After  the  application  of  the  penetrant,  tha  part  la  thoroughly  sprayed  with  water.  This 
being  a  post-emulslfiable  penetrant  which  will  not  dissolve  in  water,  the  operation  is  not  anti¬ 
cipated  to  produce  a  100^  clean  surface i  the  cleaning  action  is  merely  mechanical  and  as  might 
be  obtained  with  a  rag. 

A  hydrophlllic  emulsifier  ■  >  5f<  aqueous  solution  on  watting  agent  base  -  is  then  employed  to 
rsBOve  the  remaining  traces  of  penetrant.  The  high,  water  content  prevents  emulsification 
froa  spreading  down  into  the  crack  to  any  significant  degree.  This  ensures  that  the  entire 
interior  of  tl,e  orack  remains  filled  with  dye  and  amenable  to  inspection.  This  is  the  normal 
procedure  for  rotating  parts,  such  as  rotor  discs,  shafts  and  blades,  which  are  machined  all 
around. 

Use  of  a  nonaqueous  wet  developer. 

Kxeeedingly  fine  cracks  accommodate  only  minute  amounts  of  dye,  so  that  a  readily  visible  indi¬ 
cation  oannot  form.  The  solution  oontent  in  the  nonaqueous  developer  then  dilutes  the  dye  and 
increaseslts  volume.  This  promotes  the  contaot  between  the  developer  and  the  penetrant  for 
improved  visibility. 

The  so  improved  sensitivity  permits  cracks  in  widths  bslow  1  Aim  and  depths  of  5/100  an  to  be  re¬ 
vealed  with  assuranoe.  ' 

Cases 

Certain  parts  defy  the  commonly  practiced  Inspection  proossses  or  media. 

Fabricated  Sheet  or  Plats 

Fabrloated  constructions  incorporating  spot  welds  or  other  overlaps  Imposed  by  their  design 
give  considerable  trouble  in  tha  standard  dip  method.  In  dipping,  the  penetrant  enters  not  only 
tha  discontinuities  but  also  suoh  cavities  as  may  be  formed  by  spot  welded  or  riveted  joints. 
Assessment  in  this  oonditlon  is  then  difficult  if  not  impossible  considering  the  pools  of  pene¬ 
trant  oollecting  in  the  wrong  places. 

Cavities,  once  they  are  filled  with  penetrant,  cannot  be  cleaned  out  uith  entire  satisfaction. 

If  nothing  else,  attempts  to  clean  with  tri  or  per  vapour  may  result  in  an  aggregate  mixture  of 
penetrant  constituents,  water  and  solvent.  Subsequent  treatment  at  temperature  may  then  cause 
the  solvents  to  decompose  and  hydrochlorio  add  to  form,  so  that  severe  corrosion  may  ensue. 

In  oases  like  these  it  is  recommended  that  the  penetrant  be  applied  as  sparingly  as  possible. 
Inasmuch  as  mere  traces  of  penetrant  will  give  adequate  indication  of  oraoks,  it  will  be 
sufficient  to  Just  wet  the  part  with  the  dye. 

While  this  amount  of  dye  will  be  sufficient  to  penetrate  oracke,  it  will  not  be  enough  to  flood 
the  joints. 

In  this,  the  eleotrostatlo  method  of  peretrant  appllostion  has  been  found  useful,  where  the 
penetrant  is  fed  from  a  tank  to  an  atomiser  gun  through  a  hose,  with  JO  to  100  kV  applied  to  ths 
spray  nossle  of  the  gun.  The  penetrant  particles  ars  chargsd  in  ths  slsotrostatio  field  and  now 
travel  to  the  grounded  opposite  pole,  ths  part,  along  the  electrio  field  lines.  Inasmuch  as  all 
penetrant  droplets  are  eubjeoted  to  this  fores,  the  process  is  marked  by  its  notable  economy. 

For  good  results,  ths  surface  should  be  barely  wetted. 

■mulslfler  oannot  be  applied  in  this  fashion  for  ths  rsason  that  ths  amount  of  emulsiflsr  would 
then  have  to  be  about  quadrupled  to  ensure  adequate  emulsification.  Uss  is  therefore  made  of  a 
highly  sensitive  water-washable  penetrant. 

The  developer  powder  is  applied  electrostatically  and  dosed  in  minute  amounts,  so  that  the  dust 
Issuing  froa  the  atomiser  la  practically  invisible.  The  layer  on  ths  part  should  likewise  bt 
barely  visible.  The  eleotrostatlo  effect  operates  to  oompaot  tbs  powder  to  a  substantial  degree. 
This  laprovee  the  oontaot  between  the  penetrant  and  ths  devaloper  and  so  serves  to  achieve  a  much 
greater  sensitivity  than  would  otherwise  be  possible  with  ths  conventional  method  of  spraying. 


spray  inspection  appear  as  aers  dots  will  In  the  slsotrostatio  method  emerge  in  distinct,  conti¬ 
nuous  outline. 

liquid  Oxygen  Containers 

Vhen  containers  are  intended  for  the  storage  of  liquid  oxygen,  they  must  never  be  brought  in 
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oontact  with  organic  substanoes  for  the  reason  that  liquid  oxygen  will  give  rise  to  explosive 
oxidation  when  it  meets  with  organic  substances,  Craok  inspection  using  the  conventional  pene¬ 
trants,  whioh  oonsist  of  organio  substances,  are  thereforo  disallowed.  This  has  led  to  the 
development  of  epeoial  inspection  media  oontainlng  aqueous  dye  solutions.  These  are  not  entirely 
free  from  organio  substances,  such  as  dyes  or  wetting  agents,  but  are  so  low  in  them  that  careful 
oleaning  will  avert  the  risk  of  oontact  with  the  liquid  oxygen.  During  the  performance  of  the 
inspection  proper,  oontact  of  the  parts  with  organic  substanoes  must  be  metioulously  avoided.  )* 

Difference  between  red  and  fluorescent  Penetrants 


The  difference  between  red  and  fluorescent  penetrants  is  ohiefly  in  the  contrast  they  give. 

Red  lines  on  a  white  background  are  more  diffioult  to  detect  than  fluoresoent  indications  of 
a  bright  yellowish  green  against  a  dark.,  very  nearly  black  background. 

It  can  be  shown  experimentally  that  even  very  delioate  cracks  oan  be  evidenced  by  red  penetrant, 
oapillary  attraction  being  a  law  which  applies  to  either  type  of  penetrant. 

For  good  .results,  the  developer  must  be  sprayed  on  sparingly  so  as  to  permit  all  indications, 
even  the  faintest,  to  reaoh  the  surface  of  the  comparatively  thick  layer  of  developer.  This, 
however,  prevents  a  pure  white  background  and  makes  for  a  grayish  surface  whioh  impairs  the  con¬ 
trast  and  makes  assessment  difficult. 

Accordingly,  a  process  utilizing  red  dye  is  not  safe  enough  when  the  defects  to  be  indicated  are 
very  delicate,  and  it  is  then  discouraged.  The  concurrent  use  of  red  and  fluorescent  dye  on  a 
part  is  not  allowed.  Owing  to  the  strong  capillary  forces  it  is  diffioult  to  remove  penetrant 
from  cracks  once  it  has  entered.  Nor  will  different  penetrants  dispel  others  from  the 
defeots.  Fluoresoent  inspection,  therefore,  is  not  oonolusive  evidence  when  it  is  preceded  by 
red  penetrant  inspection  of  the  same  defeots. 

Qualification  of  Inspection  Materials 

The  sensitivity  oategory,  the  prooess  operation  and  the  quality  assurance  all  impose  oertain  re¬ 
quirements  on  the  materials  used  in  the  inspection. 

The  document  ruling  investigations  along  these  lines  is  LTF  6850-001.)^ 

This  is  the  air  industry  standard  governing  acceptance  tests  on  the  various  penetrant  materials. 

It  is  used  in  the  determination  of  physical  data  a.\d  in  the  testing  of  given  comparative  substances 
on  specimens. 

The  manufacturer  of  the  materials  can,  upon  successful  completion  of  the  test  series,,  file  with 
the  MBL  )5  for  approval.  For  quality  assurance,  the  user  should  periodically  test  the  materials 
in  the  pot  and  on  the  shelf  to  give  an  early  warning  of  any  deterioration  in  the  quality  or  of 
exhaustion  of  the  emulsifier. 

Qualification  of  Penetrant  Inspector 

The  penetrant  inepeotor  should  have  normal  vision  and  be  oonversant  with  the  basios  of  inspecting 
and  reading  indications. 

His  sight,  both  near  and  far,  and  his  colour  discrimination,  should  be  examined  by  an  optioian 
before  the  lnspeotor  is  employed  on  the  work  and  once  every  year  thereafter. 

The  oonsoientioue  performance  and  evaluation  of  the  inspection  is  olosely  linked  with  the  inte¬ 
grity  of  the  penetrant  inspector.  His  expertise  and  judgement  should  therefore  be  expanded  by 
continual  training. 

The  basio  knowledge,  theoretioal  and  praotioal  alike,  should  bs  imparted  in  courses  at  yearly 
intervale, 

A  written  examination  eliciting  solutions  to  rsaeonably  praotioal  problems  has  given  full  satis¬ 
faction. 

It  is  essential  that  the  lnspeotor  under  examination  be  given  an  opportunity  to  discuss  his 
answers  with  the  instructor  so  as  to  imbue  him  with  a  keen  awareness  of  the  skills  in  his  trade. 

An  ir.speotor  should  bs  employed  on  the  work  only  after  he  has  demonstrated  a  minimum  capability 
for  it.  His  qualification  should  be  revoked  any  time  that  his  supervisors  suspeot  that  he  may  be 
negligent  on  the  job. 
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MAGNETIC  PARTICLE  TESTING 


FtFND/.MENTtLS 


Eberbard  Dickhaut 


Whan  a  magnetic  field  le  created  In  a  ferritic  material,  the  molecular  magnate  will  align  in  the 
direction  of  t.,e  field.  The  stronger  the  fie'd,  the  greater  the  number  of  molecular  magnate 
aligned.  Thle  holds  true  until  .»aturaticn  1;  achieved,  when  the  molecular  magnets  are  aligned 
in  their  en*iret>.  Beyond  that  point,  continued  intensification  of  the  magnetic  field  ceaeee  to 
affect  the  magnetised  material.  When  the  magnetic  field  collapses,  the  molecular  magnets  will 
not  all  revert  to  their  disordered  state  but  will  in  part  remain  in  orientation,  leaving  the 
material  with  a  certain  amount  of  remanent  magnetism.  When  the  magnitude  of  the  induced  aug- 
nctic  field  is  plotted  versus  ths  progressive  intensity  of  magnetisation,  and  than  the  condition 
charted  at  regressive  magnetisation,  a  leg  of  the  hysteresis  loop  is  formed  where  the  ascending 
O’-rve  extends  to  saturation  point  M  and  the  descending  curve  to  the  point  of  remanence  By. (FIG.  1). 

It  is  essentially  irrelevant  whether  the  magnetic  field  is  ersated  with  the  aid  of  a  permanent 
magnet  or  an  electric  current,  so  that  either  method  it  finding  use  in  current  material  lnepeotlon 
practice. 

The  magnetic  field  created  in  the  pirt  under  inspection  can  be  visualized  in  tue  shape  of  llnee 
of  force  peseing  through  the  part  on  th* ir  shortest  path  from  one  pole  to  the  other. (FIG.  2). 

When  e  defect  liee  et  right  angles  to  the  lines  of  force,  the  field  le  dietorted  and  the  llnee 
are  deflected.  The  magnetic  field  builde  up  in  the  remaining  sound  cross  taction.  The  llnee 
of  force  passing  directly  under  the  surface  are  forced  to  the  su.faoe  where  they  fora  m  localised 
.e&kngs  field. (FTP.  3). 

Since  the  magnetic  conductivity  of  iron  le  appreciably  greater  then  that  of  air,  email  aagnetlo 
particles  in  the  shape  of,  say,  iron  duet  are  avidly  attracted  by  the  llnee  of  force  where  they 
come  througn  the  aurfece  in  the  leakage  field.  Ae  a  result,  a  visible  magnetic  bridge  ia  formed. 

In  this  manner-,  parte  ear  be  dus-ed  with  an  iron  powder  for  evidenoe  of  discontinuities  lying 
et  substantially  right  angles  to  ths  direction  of  the  field.  The  place  of  iron  duet  le  normally 
taken  by  finely  ground  ferric  oxide  dyed  various  colour!  for  maximally  high  contrast  in  epeciflo 
amplications. 

Process  Procedure 

For  conclusive  indication,  it  is  essential  that  th»  lines  of  f  ae  are  made  to  run  in  a  direction 
normal  to  the  direction  of  the  discontinuity.  Accordingly,  a  port  of  bar  stock  requires 
magnetisation  in  two  differ-nt  directions  to  evidence  flaw*  is  both  ths  longitudinal  and  the  cir¬ 
cumferential  directions. 

1.  Magnetising  Kathode 

la.  Current  Flow  Method 

When  it  is  Intended  to  detect  a  flew  lying  along  the  length  ;f  the  part,  the  plane  of  the  magnetic 
field  must  be  at  right  angles  to  it.  Now  wherever  e  ciurent  is  pesead  along  a  oonduotor  of  a 
non-ferrltic  material,  such  ae  eopper,  e  circular  magnetic  field  is  associated  with  it,  the 
lines  of  force  running  in  closed  concentric  loops  around  the  conduotor  over  its  entire  length. 

This  phenomenon  is  expediently  exploited.  (FIG.  4). 

For  when  this  field  le  applied  to  a  isrritic  cc  ductor  by  passing  e  ourrent  through  the  part,  the 
llnee  of  force  will  be  entirely  internal  owing  to  the  superior  magnetic  conductivity  of  the 
materiel.  (FIG.  5). 

So  when  a  current  of  electricity  passes  through  a  part,  a  defect  lying  at  right  angles  to  the 
direction  of  the  field  gives  rise  to  a  leakage  field  which  indicates  its  presence.  (FIG.  6) 

For  lnspect'on,  the  part  ia  placed  between  the  contact  pada  of  a  ourrent  flow  aachlne.  Where 
this  is  not  practicable  the  ourrent  can  be  passed  through  the  part  using  suitable  clamps  and 
cables.  To  prevent  burning,  the  contact  pad*  should  be  faoed  with  soft  lead  or  oopper  braid. 

A  satisfactory  degree  of  magnetisation  can  usually  be  created  by  using  a  current  of  300  amps  A.C. 
for  each  10  mm  in  diameter  of  the  part  measured  at  right  angles  to  the  current  flow.  (Formula  1). 
When  D.C.  is  used,  this  should  be  400  amps  for  eacn  10  mm  la  diameter,  (Formula  2). 


Formula  1 


Formula  2  )l 

I_  «  current  intensity  A.C. 

1^  •  current  intensity  D.C. 

D  -  diameter  or  diagonal  of  part,  in  mm. 


imrntfc  field  strtnyth 
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Thai*  figures  sra  admittedly  approximate  and  relate  only  to  parts  of  simple  geometry.  The 
proper  saps  for  complex  shapes  must  be  confirmed  by  trial.  A  tangential  field-intensity  aster 
will  be  a  useful  tool  in  this. 

The  steels  ourrently  finding  use  in  the  air  industry  (no  gray  cast  materials)  normally  call  for 
24  amps/cn  at  the  surface.  It  should  be  remembered,  though,  that  different  diameters  will  give 
different  figures  at  one  and  the  same  ourrent  value.  The  readings  should  never  be  short  of  the 
specified  figure.  When  30  aaps/ca  is  exceeded  locally,  a  new  revised  magnetising  value  must 
be  determined  for  that  diameter.  As  a  rule,  inspection  should  commence  with  the  smallest  magne¬ 
tising  figure  so  as  to  avert  trouble  from  remanence. 

Where  an  annular  component  is  to  be  tested  by  passing  a  current  diametrically  across  it,  when  it 
is  clamped  between  the  pads  in  a  plane  parallel  to  its  diameter,  it  should  be  recalled  that  the 
ourrent  will  divide  and  the  the  current  passing  through  each  half  of  the  ring  will  only  be  half 
that  indicated  on  the  meter  of  the  current  flow  machine. 

lb.  Threading  Bar  Method 

Tubular  or  clroular  parts  can  be  tested  by  centrally  threading  them  on  a  copper  bar  and  passing 
a  current  of  electricity  through  the  bar.  The  magnetic  field  created  around  the  bar  will  then 
concentrate  in  the  component.  This  permits  ths  indication  of  defectswhlch  extend  approximately 
in  parallel  to  the  axis  of  the  copper  conductor  and  radially  at  the  faces.  The  particular  merit 
of  this  method  is  that  it  will  help  detect  defects  also  at  ths  inner  surfaces  of  the  component. 

(no.  7). 

Burns  are  normally  safely  prevented. 

Long  components  should  be  held  clear  of  the  copper  conductor  by  insulators,  so  that  arcing  is 
avoided.  The  conductor  should  have  the  maximum  cross  section  still  compatible  with  the  inking 
and  assessment  requirements  on  ths  Internal  diameter. 

HOTEt 

In  the  ourrent  flow  and  threading  bar  methods,  the  defects  revealed  will  lie  parallel  and  radial 
to  the  direction  of  the  current.  The  direction  of  the  magnetic  field  is  at  right  angles  to  the 
peripheral  flow  of  the  current. 

Bor  magnetisation,  the  length  of  the  part  under  inspection  is  no  consideration  as  long  as  the 
intensity  of  the  current  is  maintained  at  the  proper  magnitude. 

lo.  Current  Induction  Method 

When  an  annular  component  is  taken  as  a  single  turn,  untapped  secondary  winding  of  a  transformer, 
a  ourrent  can  be  induced  free  of  contact  into  the  component  which  wlllvaxy  acoording  to, among  others, 
the  cross-sectional  araa  of  the  component  and  of  the  current  inducing  laminated  iron  core.  Inas¬ 
much  me  the  faults  detected  in  parts  through  which  a  current  is  passed  are  invariably  in  the 
direction  of  the  flow  of  the  current,  this  method  reveals  all  peripheral  flaws  no  matter  on  what 
surface  they  may  be  located.  (FIG.  8). 

Good  results  have  been  obtained  from  the  induction  method  through  the  use  of  an  Induction  machine 
where  the  yoke  is  excited  with  A.C.,  inasmuch  as  in  this  arrangement  only  a  laminated  core  is 
damped  between  the  poles  of  the  yoke.  This  core,  when  fitted  with  an  additional  eopper  con¬ 
ductor,  can  almultaneoualy  be  used  as  an  auxiliary  conductor  for  passing  the  current.  )2 

This  method  of  testing  is  particularly  suited  to  parts  of  a  lsss  rigid  nature  or  where  clamping 
of  the  part  is  difficult.  It  is  not  recommended  for  parts  where  the  radial  dimension  is  far  in 
exoess  of  the  sectional  thickness. 

Since  the  A.-on  oore  must  be  a  considerable  cross  section  to  be  able  to  pass  the  necsssary  currents, 
the  Internal  diameter  of  the  part  is  a  consideration  in  the  selection  of  this  teat  method. 

The  ourrent  in  the  ring  can  be  measured  using  a  grip  current  tester.  The  magnetising  value  at 
the  surface  should  be  24  -  30  amps/om. 

IOTIi 

By  induction  magnetising,  the  flow  of  current  is  annular  components  is  circumferential.  Defects 
are  detected  in  parallel  to  the  direction  of  current  flow. 

2.  Pole  gagnatieiflg 

2a.  Toks  Magnetising 

IV  iVWW  lAMStetse  «e«swmwt  .  ..  _ _ ^  '*  #  '  ~  ~  ~ 

magnet  (yoke).  The  ourrent  flowing  in  the  eleotromagnst  serves  the  sole  funotion  of  creating 
the  aagnetio  field  and  does  not  pass  through  the  part  under  inspection.  The  risk  of  burning  is 
here  precluded.  (FIG.  9). 

The  suitable  intensity  of  field,  whioh  is  read  in  ampere  turns,  is  satisfactorily  ascertained 
using  a  tangential  intensity  tester  as  described  in  the  section  on  ourrent  flow  techniques.  It 
should  be  renembered,  again,  that  different  cross  seotlons  make  for  different  values  of  magne¬ 
tisation.  Where  a  part  is  of  stepped  seotlon,  it  may  be  necsssary  to  make  an  inspection  for 
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•  salt  ««oUon« 

When  th*  oi?wi'on#nt  it  alemped  between  the  pad*  of  68*  yoke  by  Mina  of  a  mandrel,  it  should  be 
noted  that  »4»<  greatly  resist*  the  Ma#n»Uo  fiald  and  that  the  distance  between  aha  pad  a  and 
aha  para  should  therefore  ha  hold  aa  oloaa  aa  practicable. 


Parte  of  markedly  stepped  cross  aaoaion  ara  preferably  inspected  ineide  a  ooil, 

Only  aha  length  of  a  part  which  Haa  actually  wi thin  tha  coll  la  efficiently  aagnetiaed. 

Hepeat  testa  ara  tharafora  nacaaaary  whan  inspecting  long  components, 

Colls  nuaa  ha  insulated  to  avoid  shorting,  Tha  intanaiay  of  aagnatlaallon  la  dependent  on  tha 
number  of  turns,  All  oahar  faotora  balng  equal,  aha  Intensity  of  flald  la  doublad  whan  either 
tha  ourrana  or  aha  nunbar  of  aurna  la  doubled.  Tha  inlanally  la  meaeured  baat  with  a  tangential 
Intanaiay  meter, 


Tha  nagnatio  flald  oreated  whan  magnetisation  la  by  yoke  or  ooil  Uaa  In  an  axial  plana,  and  da- 
teotion  la  provided  of  dafaota  whioh  11a  at  right  anglaa  to  the  flald  or  the  axis  of  ooil. 


Tha  part  auet  be  positively  free  fron  graaaa  and  eoale.  In  tha  oaaa  aapaolally  of  fluoreaoant 
dataotor  Inka,  the  smallest  dtgrae  of  contamination  by  graaaa  or  oil  nay  oauaa  a  ohangs  in  tha 
fluoroaornoa  of  the  carrier  liquid,  and  a  loss  of  sensitivity  will  than  ensue.  Soala  or  air¬ 
borne  ruat  partiolaa  will  likewise  bear  negatively  on  the  aonaitivity  inasmuoh  aa  thaas  partlolaa 
are  aubjsot  to  magnetio  affaot.  They  nay  diaplaoa  tha  detector  ink  at  discontinuities  but  will 
ramain  invisible  for  laak  of  dye,  Eleotrolytioally  deposited  ooatinga  are  reoogniaed  as  a 
furthar  oauss  of  poor  aanaitivity. 

When  the  ousting  thickness  is  about  lO^ua  or  over,  detection  obviously  suffers.  This  has  also 
bsen  noted  where  the  natorial  is  coated  with  vsrnish. 


Shortly  before  magnetisation  the  part  is  completely  wetted  with  the  oarrier  liquid  containing 
the  indicating  medium.  Tha  flux  io  than  awitohed  on  for  the  duration  of  one  second  while  inking 
oontinuoa.  Inking  ie  halted  Just  before  the  first  shot  of  msgnotising  ourrent  is  oompleted. 

Two  more  shots  of  ourrent  ere  then  applied,  eaoh  one  second  in  duration,  but  inking  must  definitely 
oeaee.  Thereafter  the  liquid  is  allowed  one  minute  to  drain  from  the  part,  and  the  part  is  ready 
for  assessment.  Care  must  be  exeraieed  to  prevent  oont&ot  with  other  magnetised  parts  before 
inepsotion. 


De-augnotieation  after  inspection  is  mandatory,  A  de-magnetieing  method  in  frequont  use  Is  to 
keep  reversing  the  poles  of  the  magnetio  field  until  after  about  20  shots  the  field  is  gradually 
reduoed  to  sero  intensity.  (FIO.  10 ). 

De-magnet, ieation  often  gives  trouble  where  components  are  magnetised  to  the  oore,  when  D.C.  was 
used  for  magnetisation.  This  then  requires  the  use  of  special  equipment  of  high  output  and 
exoeedingly  low  reversal  rate  (less  than  1  ops). 

As  a  result,  the  use  of  A.C,  for  magnetisation  is  developing.  In  this  prooess  the  skin  effect 
or  the  oonoentration  of  eleotrioal  ourrent  on  the  outer  eurfaoe  of  a  oonduotor  limits  magneti¬ 
sation  to  the  eurfaoe  and  simultaneously  improves  detection  on  parts  of  changing  section.  De¬ 
magnetisation  can  then  rely  on  substantially  less  complex  equipment. 

Ink  Oonoentration  versus  Current  Intensity 


Proper  oonoentration  of  the  test  medium  is  s  determinant  of  sustained  success  in  magnetio  flaw 
detection.  When  an  artifioal  flaw  is  tested  and  the  quality  of  indication  plotted  as  a  function 
of  oonoentration  and  intensity  of  ourrent,  a  diagram  much  like  FIO,  11  will  result. 

It  will  beoome  apparent  from  the  foregoing  graph  that  for  a  discontinuity  lying  0,5  mm  under  the 
eurfaoe,  the  amperes  must  be  inoreased  50%  when  the  oonoentration  is  lowered  from  5  grams  a 
liter  to  0, J  grams  a  liter,  The  reoommended  oonoentration  of  fluoresoent  test  media  hae  there¬ 
fore  been  rated  at  5  to  5  grams/liter.  In  this,  a  small  amount  of  background  fluoresoenoe  is 
tolerated  if  only  the  sensitivity  is  a  maximum. 

It  should  be  noted  here  that  in  pastes  and  liquid  oonoentrates,  the  effective  content  of  the  test 
medium  is  a  mere  25  to  J0$  of  the  total  weight. 

A  useful  method  of  sampling  the  oonoentration  employs  a  oentrifugal  tube  per  ASTM  D96-65  )2,  Con¬ 
sidering  the  slow  rate  of  preoipitation,  the  praotioe  is  often  to  load  the  liquid  at  the  end  of 
the  workday  and  oheok  the  results  the  morning  after. 
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Ths  tost  media,  notably  whan  that*  art  fluorescent,  will  deteriorate  aa  tha  dye  segregates  from 
tha  oxyde  partiolaa.  Tha  utmoentration,  aa  taatad,  will  thsrefore  not  tall  tha  whola  atory.  For 
avidonoa  of  tha  remaining  affioaoy  of  tha  ink,  MTU  ara  uaing  a  taat  piaoa  designated  No.  3,  whioh 
ia  30  mm  in  diamt  tar  and  10  mm  in  thickness.  It  incorporates  a  number  of  ooaraa  grinding  oraoks 
aa  wall  aa  minute  fiaauraa  resulting  from  strata  oorroaion.  Tha  plate  ia  magnetised  onoe  uaing 
30  umpe/om  by  tha  thraading  bar  method  and  than  allowed  to  operate  entirely  on  remanent  magnetise. 
It  ie  merely  watted  with  ink  and  given  a  minute  for  tha  liquid  to  drain  from  it.  When  tha  taat 
modium  ia  auffioiantly  active,  tha  oraoka  and  fiaauraa  will  show  up  in  their  entirety.  When  the 
strength  of  tha  ink  iu  exhausted,  only  the  ooaraa  grinding  defects  are  indicated.  It  will  be 
sufficient  evldenoe  to  focus  attention  on  a  oertain  sons  on  tha  plate  and  re-examine  the  self¬ 
same  none  for  changes  whenever  a  sampling  inspection  is  made.  (FIQ.  12). 

i 

Usefulness  of  Prcpoos 

The  inspection  prooess  essentially  lends  itself  to  use  in  the  ready  deteotion  of  all  ourfaoe 
flaws  up  to  a  width  of  lass  than  1 /um  and  a  depth  of  about  10 /dun.  This  is  the  order  of  magni¬ 
tude  of  the  finest  oraoka  in  the  test  plats  No,  3  MTU  aro  using.  This  will  hold  only  when  the 
surfaoe  is  either  ground  or  dressed  smooth j  otherwise,  the  indications  of  machining  imperfeo- 
tiona  will  overshadow  the  evidenoe  of  true  defects. 

When  use  is  made  of  less  potent  inks,  the  sensitivity  oan  be  dulled  to  a  point  where  the  only  flaws 
indioated  are  euoh  rough  defoots  ao  may  stem  from  forging  or  rolling  operations.  Concerning  the 
formation  of  indioations  it  appears  that  the  two  types  of  dys,  black  or  fluoresoent,  give  entirely 
equivalent  results.  The  differenoea  which  in  the  oase  of  fluoresoent  powder  are  oaused  by  the 
thiokneoe  of  varnish  layer  on  the  oxide  particles  are  too  small  to  have  any  practical  oonsequenoe. 
The  fluoresoent  indioation  nevertheless  makes  for  substantially  higher  oontrast  whioh  greatly 
facilitates  assessment  and  obviates  tho  need  for  speoial  aids  to  interpretation. 

The  deteotion  of  subsurfaoe  flaws  still  poses  formidable  problems  and  its  suocess  hinges  largely 
upon  the  shape  of  the  defect.  Drilled  0.5  mm  diameter  holes  oan  still  be  revealed  at  depths 
of  about  1.3  mm  under  the  surface)  fiasures,  at  about  2.5  mm.  At  greater  depths  than  these, 
the  indioation  beoomes  ao  obsoure  that  oonolusive  analysis  is  precluded. 
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SUMMARY 


In  the  past  years,  holographic  interferometry  developed  into  an  effective  test  method. 
Proceeding  from  brief  descriptions  of  optical  measuring  principles  and  of  holography,  the 
theoretical  and  experimental  aspects  of  holographic  interferometry  are  discussed.  Referen¬ 
ces  are  made  with  respect  to  quantitative  interpretation  of  interferograms.  The  possi¬ 
bilities  of  flaw  detection  are  illustrated  by  some  experimental  examples. 


1.  OPTICAL  INTERFEROMETRY  AND  NDT 

Optical  methods  of  investigations  utilizing  the  wave  nature  of  light  have  at  all  times 
been  superior  by  very  accurate  information  on  geometric  dimensions  or  changes  of  the  tested 
objects.  This  feature  results  from  the  fact  that  the  light  passing  different  optical  paths 
can  lead  to  interference.  A  classic  example  for  such  an  interferometric  test  method  is 
the  Michelson  interferometer  at  which  the  path-length  difference  between  two  mirrors 
arranged  at  right  angles  is  interferometrically  measured.  The  monochromatic  light  beam  of 
a  point  source  falls  on  the  two  reflecting  mirrors  via  a  beam  splitter.  The  two  reflected 
beams  of  about  the  same  intensity  are  combined  again  at  the  beam  splitter  and  are  observed 
in  an  observation  telescope.  If  both  beams  covered  the  same  optical  path  length,  they  are 
in  phase  at  the  observation  point,  i.e.  they  lead  to  maximum  intensity.  In  case  one  or 
both  mirrors  is  displaced  normal  to  its  surface  by  X/4 ,  the  amount  of  a  quarter  of  wave 
length  of  the  light,  the  interference  in  the  observation  point  results  in  an  extinction. 
Measurement  of  mirror  displacement  consists,  therefore,  in  counting  the  n-extinctions 
occurring  during  the  displacement  by  Ax.  The  displacement  Ax  -  n«X/2  can,  therefore,  be 
measured  with  an  accuracy  of  X/4. 

With  increasing  Ax,  the  relative  error  is  steadily  decreasing!  at  a  displacement  of  50  cm, 
n  is  about  2-106  (X  *»  500  nm)  and  the  error  +  2,5>10"5  %. 

While  the  high  accuracy  of  the  Interferometric  measurements  is  rendered  possible  by  the 
wave  length  stability  of  the  light,  another  feature  of  the  light  limits  the  measuring 
range  and,  therefore,  the  applicability  of  these  interferometers. 

The  light  emitted  by  single  atoms  consists  always  of  wave  trains,  the  length  of  which  is 
given  by  the  radiation  period  of  the  atoms  of  about  10"8  s.  Different  wave  trains  emitted 
successively  are,  however,  no  longer  coherent,  i.e.  their  phase  relation  is  not  stable 
but  random. 

The  wave  trains  of  a  single  atom  can  lead  to  the  formation  of  Interference  phenomena.  If 
these  wave  trains  are  split  into  two  partial  waves  which  lead  to  interference  after 
passing  two  different  paths,  the  phases  of  the  partial  waves  are  given  by 

»1(x1)  -  kxj  +  6i 

♦2<x2)  -  kx2  + 

k  -  2#/X  and  6,  is  the  initial  phase  shift  of  the  successive  wave  trains  identified  by  the 
index  i.  The  phase  difference  A*  of  the  partial  waves  which  is  important  for  the  inter-  's~ 
farenoe  remains  therefore  constant  over  several  periods! 

A*  5  -  *2 (x2)  -  Mx2  -  x2) 

provided  that  Ix^-Xjl  is  smaller  than  the  length  of  the  wave  trains  being  abt.  l  m. 

In  the  practical  experiment  not  only  one  atom  is  used  for  light  generation  but  a  consider¬ 
able  number  of  radiating  atoms.  Since  their  phase  shift  6  is  different  among  one  another, 
coherence  of  the  light  is  limited.  An  undisturbed  interference  is  only  possible  if  the 
coherence  condition  of  Verdet  is  matt 

a  sin  »  <<  y 

a  is  the  lateral  expansion  of  the  light  source  and  4  the  aperture  angle  at  which  the  ob¬ 
served  beam  emerges. 

This  condition  limits  the  practical  possibility  of  the  classic  interferometry  by  the  faot 
that  a  great  coherence  length  is  always  connected  with  a  small  a  or  a  small  4,  respective¬ 
ly,  and,  therefore,  with  low  light  intensity. 

The  laser  is  a  radiation  source  not  underlying  this  restriction.  When  generating  lighf:  in 
the  laser,  the  "stimulated  emission"  from  the  atoms  are  no  longer  uncorrelated, 

Emission  is  rather  made  in  the  way  the  wave  trains  emitted  by  all  atoms  have  a  stable 
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phase  relation  among  on*  another.  In  thia  case,  light  of  high  Intensity  la  obtained  with 
a  great  coherence  length.  The  coherence  length  la  limited  then  by  the  width  of  line  of 
the  emitted  radiation  ascribed  for  example  to  instabilities  of  the  resonator. 

Now  with  such  light  sources  it  is  not  only  possible  to  carry  out  Interferences  with  tight 
light  beams,  i.e.  spatially  concentrated  wave  fields,  but  to  lead  wave  fields  emanating 
from  spatially  expanded  objects  to  interference. 

Holography,  an  Invention  of  the  Hungarian  physicist  Gabor  [l],  is  a  suitable  method  to  re¬ 
cord  such  interference  phenomena.  This  enables  one  ec  record  and  reconstruct  coherent  wave 
fields.  The  Interfering  wave  fields  are  ascribed  to  object  positions  realized  at  different 
times.  The  practical  significance  of  this  method  results  among  others  from  the  applica¬ 
bility  in  the  range  of  nondestructive  testing.  The  holographic  interferometry  measures 
the  deformation  of  an  object  on  its  surface.  The  deformation. itself ,  however,  is  defined 
by  the  properties  of  the  material  varying  more  or  less  considerably  at  the  defects. 

II.  PRINCIPLE  OF  HOLOGRAPHY 

The  essential  point  of  the  holographic  method  is  the  full  identity  of  the  reconstructed 
object  wave  with  the  initial  object  wave.  The  physical  processes  these  facts  are  based  on 
can  be  illustrated  by  the  simple  example  of  recording  a  spherical  wave  emanating  from  a 
point  with  a  plane  wave  (Martienssen  [2]). 

For  better  understanding  of  the  method,  the  mathematical  relations  (see  e.g.  Gabor  [3]) 
shall  be  briefly  represented  according  to  fig.  1. 

The  object  wave  which  is  represented  in  fig.  1  by  the  wave  in  the  (x,y)  plane  from  one 
object  point  is  given  by  the  complex  amplitude 

C(x,y)  -  g(x,y)  exp  {l(ut  +  »c) }  with  *6  ■  lG  +  SG 

cr  being  a  real  variable.  The  phase  * _la  eeepessd of  a  constant  phase  term  a_  and  a  term 
which  depends  on  the  path  length  1  the  wave  has  travelled  to  a  certain  point  (x,y).  X  is 
the  wave  length  and  a  the  frequency  of  the  monochromatic  light. 

At  the  position  of  hologram  plate  H,  this  wave  is  superimposed  by  the  coherent  reference 

wave 

H(x,y)  ■  r(x.y)  exp  (l(«t  »R) }  with  *R  -  iR  +  «R 

The  superposition  of  both  waves  results  in  a  stationary  interference  pattern  and  the 
following  intensity  distribution  is  recorded  in  the  points  at  the  hologram  plate  (fig.  la): 

I(x,y)  •|G(x,y)  +  R(x,y)  |  *  -  (G  ♦  R)  (C*  *  R»)  -  g2  +  r2  ♦  GR*  >  RG* 

2  2 

g  and  r  represent  the  intensity  of  both  waves,  G*  and  R*  are  the  complex  conjugate  of 
G  and  R,  respectively.  If  the  developed  hologram  plate  is  again  transmitted  at  its  initial 
position  by  the  reference  wave,  hence  reeults  the  following  wave  field  behind  the  plate: 

»  -  I(x,y)  •  R(x,y)  -  <g2  +  r2)R  ♦  r2G  ♦  G*R2 

The  first  term  is  the  damped  reference  wave,  the  second  is  the  damped  object  wave  and  the 
term  ,  , 

G*R*  -  gx*  exp  {l(et  ♦  2fR  -  tc)) 

leads  to  a  real  image  of  the  object. 


object 


a)  recording  b)  reconstruction 

Fig.  1:  Schematic  Holographic  Arrangement 


71g.  lb  illustrate*  the  shape  of  the  single  wave  f.eJds  with  tne  reconstruction  n«canu 
by  the  above  formula.  A  more  Illustrated  description  of  the  process  bases  on  the  fact 
that  the  reference  wave  is  diffracted  with  the  reconstruction  at  the  hologram  plate  the 
Interference  pattern  of  which  acts  as adif fraction  screen.  The  zero  order  of  diffraction 
represents  the  damped  reference  wave  and  the  two  first  orders  give  the  virtual  and  real 
image  of  the  object. 

The  complete  reconstruction  of  the  object  wave  field  gives  a  complete  three-dimensional 
reproduction  of  the  object.  Moreover,  it  is  possible  to  observe  the  virtual  image  in  the 
scope  of  the  expansion  of  the  hologram  plate  in  various  views.  This  means,  however,  that 
every  part  of  the  hologram  plate  contains  the  complete  information  on  the  wave  field. 

Without  entering  into  further  theoretical  aspects  of  holography  and  its  application  (see 
[4,5,6]),  some  criteria  for  the  practical  feasibility  of  this  method  are  stated. 

Coherenceas  an  essential  feature  of  the  light  used  for  holography  has  already  been  dis¬ 
cussed  in  detail.  Therefore,  only  the  laser  is  in  consideration  for  light  sources,  its 
capacity  ranging  between  1  and  1000  mW  according  to  the  size  of  the  objects  to  be  holo¬ 
graphed,  to  the  sensitivity  of  the  recording  photo  plates,  and  to  the  exposure  time  con¬ 
sidered  practicable. 

Besides  the  sensitivity  of  the  photo  plates  which  must  not  meet  general  demands,  their 
resolving  power  has  to  be  high  enough  to  enable  separate  recording  of  interference 
lines  occurring  with  superposition.  When  considering  the  superposition  of  two  plane  waves 
which  are  tilted  against  each  other  by  an  angle  6,  they  form  parallel  interference  fringes 
the  distance  of  which  is  given  by 

d  “  oIKS 

The  greater  0  gets,  the  less  d  will  be,  and  can  minimally  be  equal  to  1.  Therefore,  a 
hologram  plate  should  resolve' at  least  2000  lines  per  millimeter  (in  this  case  X  was 
assumed  to  0.5  urn) . 

Another  important  demand  is  the  stability  of  the  experimental  arrangement.  Since  recording 
is  made  by  the  reference  wave  through  the  Interference  of  the  object  wave,  the  phases  of 
both  waves  must  not  shift  by  more  than  -  X/10  against  each  other  during  exposure  time. 

This  means  that  the  object  and  all  optical  components  have  to  be  stable  within  these  11- 
mits  during  the  recording  period.  This  condition  can  for  example  be  met  by  using  vibration 
dampers  and  heavy  table  plates. 

111.  HOLOGRAPHIC  INTERFEROMETRY 

The  above  described  method  enables  the  storing  of  wave  fields  and  their  reconstruction  at 
any  later  time.  When  returning  a  developed  hologram  in  its  initial  position  and  regarding 
the  object  through  the  hologram,  the  Information  on  the  object  is  received  twice  by  the 
eye i  on  the  one  hand  through  the  reconstructed  object  wave,  and  on  the  other  hand  direct¬ 
ly  from  the  object  which  is  still  in  its  initial  position.  The  observer  cannot  distinguish 
between  both  wave  fields  and  sees  or.e  object.  When  slightly  displacing  the  original  object 
or  the  hologram  plate,  both  pertaining  wave  fields  shift  accordingly  and  regular  inter¬ 
ference  fringes  occur  at  the  object.  The  described  method  haB  for  the  first  time  been 
used  by  Collier,  Doherty  and  Pennington  [7]  and  Powell  and  Stetson  [8]  to  measure  and 
visualize  smallest  deformations. 

The  formation  of  interference  fringes  shall  be  explained  by  fig.  2.  In  this  case,  the  ob¬ 
ject  to  be  holographed  is  a  plane  plate  square  with  the  paper  plane.  The  plate  is  illumi¬ 
nated  by  point  It  O  Is  the  observation  point, and  H  is  the  hologram  plate  containing  the 
information  on  the  plate  in  its  Initial  position.  When  turning  the  plate  by  a  small  angle, 
so  that  Pj  changes  into  P[,  the  distance  the  lighc  is  covering  from  I  via  P,  to  0  changes 
by  certain  path  lengths. 


Fig.  2t  Object  Movements  and  Optical  Path  Differences 


When  •••using  that 
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than  th«  wave*  scattered  at  the  homologous  points  P.  and  P{  In  direction  0  have  a  phase 
shift  of  X/2.  They  extinguish  and  this  point  of  the*surface  appears  dark.  The  following 
shall  he  valid  for  the  other  points t 

+  P^O  -  x2  t  IpJ  ♦  PjO  *  x2  - 

fpj  ♦  P^O  *  x3  ;  Tp^  ♦  Pp  -  x3  -  p- 

IFJ'  +  F^(5-x4>  IpJ  *  pJo  -  x4  -  ^ 


On  this  condition,  extinction  appears  at  all  these  points,  while  an  intensification  occurs 
between  the  points.  When  assuming  moreover  that  the  distance  from  observation  and  illumination 
point  to  the  plate  is  great  against  the  expansion  of  the  plate,  horizontal  equally  spaced 
parallel  fringes  occur  ,at  this  plate, the  distance  of  which  is  equal  to  that  of  the  points 
P^.  The  fringe  distance  la  thus  a  measure  for  the  angle  between  both  positions  of  the  plane. 

In  case  of  general  movements  and  objects  of  any  shape, an  order  N  can  be  ascribed  to  every 
interference  fringe,  where  the  optical  path  changed  by  (N  -  1/2)1  due  to  the  change  of 
position  of  the  observed  point. 

If  there  are  areas  of  higher  fringe  density  in  an  lnterferogram  that  is  totally  covered 
with  regular  fringes,  this  refers  to  a  significant  different  deformation  at  these  points 
and  thus  to  an  inhomogeneity  of  the  arterial.  At  these  points,  the  surface  of  the  object 
is  more  or  less  considerably  deformed  than  the  surrounding  area. 

Holographic  interferometry  as  a  method  of  nondestructive  testing  Is  based  therefore  on 
the  fact  that  a  slight  deformation  in  the  y-range  is  so  exactly  measured  as  to  recognize 
and  localize  different  deformations  to  be  attributed  to  defects. 

With  the  above  described  real-time  method  it  is  possible  to  observe  directly 
the  influence  of  the  deformation  on  the  formation  of  the  interference  pattern.  This  method 
will  therefore  always  be  applied  when  reference  values  on  the  optimum  load  are  not  yet 
known  or  when  dynamic  processes  are  to  be  observed.  In  this  case,  recording  is  made  by 
direct  photographing  through  the  hologram.  Should  these  values  be  known,  then  it  is  more 
appropriate  to  carry  out  the  investigation  according  to  the  double  exposure 
method.  In  this  case,  a  hologram  plate  is  twice  exposed  and  the  object  deformation  is 
made  between  both  exposures.  A  hologram  repositioning  at  a  larger  scale  or  an  in  situ 
development  of  the  holograms,  respectively,  are  thus  unnecessary.  When  reconstructing 
these  holograms  both  object  waves  and  thus  the  interference  pattern  can  be  recorded  at 
any  later  time. 

The  time-average  method  used  with  vibration  analyses  is  a  third  possibility 
of  interferometric  recording.  With  this  the  object  is  stimulated  to  resonant  vibration 
and  holographed.  During  exposure  time  which  is  long  against  the  time  of  vibration,  a  great 
number  of  object  positions  is  recorded.  The  object  positions  contribute  at  a  different 
degree  to  the  density  of  the  hologram  plate  according  to  the  hold-up  time  given  by  the 
sine-shaped  vibration.  As  for  example  Fryer  [9]  reports  there  will  be  an  interference 
pattern  showing  light  fringes  at  the  vibration  nodes  and  closed  interference  fringes  at 
the  antinodes,  the  intensity  variation  of  which  is  described  by  the  square  of  a  zero 
order  Bessel  function.  Fig.  3  shows  as  example  of  such  a  measurement,  the  vibration  image 
of  a  GFRP-diaphragm. 


In  the  present  paper,  the  problems  arising 
with  defects  localizing  due  to  displacement 
of  resonance  frequency  and  to  the  disturbance 
of  vibration  modes  shall  not  be  discussed  in 
detail. 

The  problem  of  applying  stress  to  test  objects 
is  moreover  of  basic  significance  to  obtain 
lnterferogram*  with  a  good  evidence.  The  ob¬ 
ject  has  to  be  loaded  fn  a  way  that  a  epro- 
duclble  deformation  of  the  object  surface 
occurs  in  the  order  of  some  vt  furthermore 
internal  defects  must  necessarily  take  effect 
in  a  different  deformation  of  the  surface,  as 
to  detect  these  defects. 

awe  hp*4* 
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ding  strain,  4.  thermal  load  and  S.  acoustic 
stimulation. 

Fig.  3i  Vibration  Modes  of  a 
GFRP-Plate  at  533  Hs 
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Cokiprasslve  load  can  always  be  applied  when  containers  or  tubas  capable  to  be  loaded  for 
Internal  pressure  are  tested.  This  method  proved  Itself  generally  with  such  tears. 

Plane  plates  or  stripes  can  be  deformed  by  means  of  tensile  stress.  In  this  case,  con¬ 
clusions  can  be  drawn  for  the  stress  variation  by  holographic  measurement  of  the  defor¬ 
mation.  The  difficulty  Is,  however,  that  deformation  takes  place  in  the  plane  of  the  plate. 
Concerning  vertical  observation  and  illumination ,  this  direction  is  rather  insensitive 
with  respect  to  the  change  of  the  optical  path.  Slight  disturbing  movements  square 
thereto  proved  to  be  sensitive.  Such  disturbances  occurred  for  example 
with  the  investigations  of  flat  GFRP-plates  [lOj . 

These  difficulties  are  not  apparent  in  the  case  of  bending  strain,  where  the  deformation 
lies  in  the  direction  of  observation  and  illumination.  Besides  the  defect  localization, 
this  method  has  been  applied  for  measuring  the  Poisson's  ratio  [li]. 

With  respect  to  thermal  stress,  the  object  is  slightly  heated  (or  cooled)  between  the  ex¬ 
posures,  causing  an  expansion.  This  method  is  reasonable  as  soon  as  areas  of  different 
thermal  expansion  have  to  be  localized.  Also  with  masblve  objects,  often  no  other  stress 
can  be  applied;  in  .this  case  there  is  however  the  basic  difficulty  that  internal  defects 
will  no  longer  take  effect  in  a  different  deformation  of  the  surface. 

It  has  already  been  pointed  out  how  material  or  production  defects  effect  the  pattern  of 
holographic  inter ferograms.  Now  the  question  arises,  according  to  which  criteria  the 
interferograms  will  be  evaluated,  l.e.  according  to  which  aspects  can  local  or  integral 
deviations  from  the  basic  pattern  ascribed  to  an  undisturbed  test  object  be  recognized. 

On  principle,  there  are  two  methods1,  on  the  one  hand  clear  defects  can  be  identified 
phenoswnologlcally  on  the  basic  pattern,  and  on  the  other  hand,  the  interferograms  can  be 
subjected  to  a  quantitative  analysis. 

The  first  step  of  the  quantitative  arslysis  shall  clarify  the  characteristics  of  tne  basic 
pattern  to  be  assigned  to  the  faultless  test  object.  For  this  purpose,  an  lnterferogram  has 
theoretically  been  calculated  for  the  optical  arrangement  available  in  the  experiment 
and  for  certain  assumptions  on  the  static-free  deformation  of  the  object. 

This  calculation  is  based  on  the  considerations  of  Sollid  [12]  and  Ennos  [ll]  leading  to 
the  following  relation 

(1)  N  ■  |  d  cos6  cosf 

N  represents  the  fringe  order  at  a  point  of  the  surface  for  which  the  angle  between  obser¬ 
vation  and  illumination  direction  amounts  to  20  and  the  displacement  vector  d  with  the 
angle  bisector  between  observation  and  illumination  direction  includes  the  angle  T.  In 
vector  notation  thi,s  relation  is: 

k  .  i  ♦  imi*) 

X  |M|  !o-ir| 

In  this  equation  r  is  the  vector  of  the  observed  object  point,  f  the  vector  of  illumi¬ 
nation  point,  and  0  the  vector  of  the  observation  point  in  a  Cartesian  coordinate  system. 

Fig.  4  shows  the  interference  pattern  of  a  cyllndric  tube  calculated  according  to  this  re¬ 
lation.  The  tube  deformation  has  been  outlined  by  a  periphe: al  expansion  constant  at  the 
overall  length  and  an  axial  upset  connected  therewith.  Furthermore,  it  has  been  assumed 
that  the  left  tube  end  hae  been  fixed  and  observation  and  illumination  point  are  locate! 
on  the  level  of  the  left  tube  end. 

Sons  further  calculations  showed  the  influence  of  the  optical  arrangement,  the  mounting 
support  of  the  tube  and  various  variations  of  peripheral  and  axial  expansions  on  the  basic 
pattern.  A  good  conformity  between  calculated  and  pertaining  experimental  inter ferograsia 
was  stated  in  all  respects  [l4]. 

In  a  further  step  of  interpretation  the  displacement  field  of  the  object  surface  should 
be  calculated  from  the  experimental  lnterferogram. 


Fig.  4 i  A  Calculated  lnterferogram  of  a  Cylindrical  Tube 
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As  illustrated  in  Eq  (1),  the  component  of  the  displacement  vector  in  direction  of  the 
angle  bisector  between  observation  and  illumination  direction  contributes  to  the  phase 
shift  between  the  light  w^ves  emanating  from  one  object  point  at  both  exposures.  This 
component  being  dy,  hence  follows 

dy  ■  d  cos  T  and  N  ■  j  dy  cos  9. 

Since  9  is  given  by  the  optical  arrangement,  it  is  always  possible  to  determine  d_  accor¬ 
ding  to  this  relation  as  soon  as  the  absolute  order  of  a  fringe  is  known  on  the  inter¬ 
ference  image.  Such  a  fringe  can  be  detected  when  parts  of  the  object  are  visible  which 
are  not  moved)  for  the  first  fringe  adjacent  to  this  area  N  equals  J. . 

Besides  the  limitation  on  such  cases  at  which  the  absolute  fringe  order  can  be  determined, 
this  evaluation  is  also  unsatisfactory  inasmuch  as  only  in  a  few  cases  the  real  displace¬ 
ment  vector  3  can  be  calculated  by  dy.  This  is  for  example  possible  for  the  simple  rotation 
of  a  plane  through  an  axis.  For  all  other  more  irregular  displacement  fields  this  evalu¬ 
ation  is  of  less  importance. 

In  order  to  obtain  a  general  determination  of  3,  it  is  necessary  to  record  the  inter¬ 
ference  pattern  at  the  same  time  from  several  directions.  When  recording  simultaneously 
for  instance  four  holograms  from  various  directions  and  considering  four  fixed  points  oi. 
all  four  interferograms ,  the  differences  in  the  fringe  order  between  the  four  points  fur¬ 
nish  the  12  coefficients  of  a  linear  equation  system,  the  solution  of  which  results  in  the 
12  components  of  the  displacement  vectors  at  the  four  points.  If  they  are  known,  the  vec¬ 
tors  at  any  object  point  can  be  determined  by  similar  calculations. 


The  accuracy  of  this  method  depends  on  the  accuracy  of  the  determination  of  N  at  the  single 
points.  If  the  accuracy  is  Indefinitely  high,  3  can  also  be  exactly  determined  independent 
of  the  selection  of  the  optical  arrangement  of  the  four  holograms.  If  it  is  assured  that 

Scan  only  be  determined  by  one  digit  after  the  decimal  point,  then  the  accuracy  determining 
will  very  strongly  be  influenced  by  the  optical  arrangement.  This  was  shown  by  some  cal¬ 
culations  of  d  from  theoretical  interferograms. 

IV.  SOME  RESULTS  OF  HOLOGRAPHIC  FLAW  DETECTION  MEASUREMENTS 


Since  Its  Introduction  in  1965,  holographic  interferometry  has  been  tested  at  first  in 
different  fields  of  materials  testing  to  prove  generally  which  flaws  can  be  detected  in 
which  materials.  In  the  second  step,  these  problems  have  to  be  cleared  up  each  time  for  a 
certain  object  as  far  as  particulars  can  be  given  for  the  performance  of  a  holographic 
test  method.  Up  to  now,  it  is  not  yet  possible  to  ccnment  definitely  on  the  problems  of 
flaw  detection  and  determination  of  flaw  site.  The  following  deals  rather  with  some  special 
results  with  respect  to  these  problems. 

Vest  et  al.  6s]  tested  holographically  microcracks  in  steel  and  compared  the  results  with 
those  of  other  methods,  such  as  magnaflux,  eddy  current  and  X-ray  inspection.  The  micro- 
cracks  are  artificially  introduced  into  the  test  object.  Several  5/16  in.  holes  are  drilled 
into  a  rib  of  0.13  in.  thickness  of  a  channel.  Then  radial  cracks  of  0.01  to  0.44  in. 
length  have  been  applied  into  several  holes. 

The  application  of  stress  required  for  holographic  Inspection  had  been  made  in  a  different 
auuiner.  The  best  method  was  to  tap  a  tapered  bolt  with  a  certain  initial  loading  and  to 
brace  this  bolt  additionally  prior  to  the  second  exposure  of  the  hologram.  The  results 
show  that  cracks  up  to  a  length  of  0.1  in.  can  be  detected  and  localized,  while  cracks  of 
0.1  to  0.03  in.  length  could  be  detected  but  not  localized. 

With  respect  to  the  other  methods,  there  was  a  comparable  result  only  with  magnaflux.  The 
sere  tedious  preparation  of  the  object  with  this  method  has  however  been  pointed  out. 

First  results  of  flaw  detection  for  glass  fibre  reinforced  plastics  (GFRP)  are  now  In  hand. 
With  these  composite  materials,  cracks  can  occur  either  in  the  fibre  during  the  manufac¬ 
turing  process  or  in  resin  for  instance  by  alternating  loads. 


In  order  to  test  the  influence  of  the  flaws  in  the  fibre  on  the  deformation  of  the  object 
and  thus  on  the  disturbance  of  the  interference  pattern,  test  objects  of  different  geo¬ 
metry  have  been  provided  with  artificially  applied  fibre  cuts. 

2 

Level  plates  of  280  x  280  mm  were  produced  by  laminating  bidirectional  linen  texture 
layers  !io]  .  The  interferogram  represented  In  fig.  5  originates  from  tensile  stress  of  a 
plate  consisting  of  S  layers  and  containing  a  cut  of  60  mm  through  all  layers.  The  cutting 
point  in  the  figure  center  can  clearly  be  seen  on  the  basic  pattern  which  is  not  very  re¬ 
gular  in  itself.  The  length  of  the  cut  can  also  be  determined  therefrom. 
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containing  a  cut  Of  25  mm  through  one  layer  in  the  piste  center,  xn  tnis  case,  me  pxatv 
was  clamped  at  the  outer  surface  and  stress  was  applied  so  that  the  space  behind  the  plate 
was  evacuated.  The  well  reproducible  basic  pattern  consists  of  concentric  circles  which 
are  only  at  the  outer  areas  slightly  disturbed  by  clamping  effects.  The  cutting  point  is 
clearly  to  be  seen  at  the  division  of  the  inner  dark  interference  patch.  The  length  of  the 
cutting  can,  however,  only  be  determined  by  a  greater  failure. 


Cut*  In  th*  fibre  of  filamentary  wound  cylindrical  tubes  can  also  clearly  be  recognized 
with  the  holographic  method  [l 4J  •  Fig.  7  represents  a  part  of  a  9-layer  tube  containing 
a  cut  of  25  mm  through  3  layers.  The  basic  pattern  shows  clearly  a  deviation  at  the  flaw 
position  indicating  a  different  deformation  of  the  tube  at  internal  compression  stress. 

Th*  cut  length  can  also  be  estimated. 

The  discussed  examples  show  that  flaws  of  the  fibre  of  reinforced  plastics  can  be  detected. 
With  respect  to  the  determination  of  flaw  size,  it  has  been  referred  only  to  flaw  creo- 
metry.  Further  systematic  Investigations  shall  clear  up  the  effect  of  flaws  of  different 
size  on  the  interferograms  and  the  significance  of  these  flaws  with  respect  to  the  de¬ 
mands  on  certain  components. 

The  examination  of  the  cylindrical  tubes  showed  already  that  some  holographically  detec¬ 
ted  flaws  led  to  a  induction  of  the  bursting  strength  of  these  tubes  and  that  flaws  of 
varying  size  and  in  different  layers  of  the  tube  took  a  different  effect  on  the  distur¬ 
bance  of  the  basic  pattern. 

Fig.  8  represents  the  crack  formation  in  the  resin  of  a  GFRP  tank  ascribed  to  compression 
stress.  The  differential  pressure  applied  between  both  exposures  of  a  series  of  experi- 
ments  was  mounted  alwavs  to  0.05  at.  The  basic  pressure  has,  however,  been  varied  from 
0.3  to  10  at.  The  above  tank  has  been  holographed  at  a  basic  pressure  of  10  at. and  only 
at  this  pressure  the  Interference  pattern  disturbance  of  horizontal  shape  could  be  seen 
in  the  tank  center.  Later  on  this  disturbance  could  clearly  be  assigned  to  a  slight 
crack  round  the  tank  which  occurred  at  a  stress  of  10  at. 


Fig.  5:  A  Flaw  in  a  GFRP-Plate 


Fig.  6:  A  Flaw  in  the  Center  of  a  GFRP-Disk 


Fig. 7i  Part  of  a  GFRP -Tube 
with  a  Flaw 


Fig.  8:  CFRP-Tank  with  a  Horizontal  Crack  at 
the  Tank  Center 
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V.  LIMITATIONS  OF  THE  METHOD 

Holographic  interferometry  proved  to  ba  a  jensltlve  method  In  non-destructiva  testing. 
Although  some  problems  are  far  from  being  cleared  up  already  -  a  pre-condition  for  simple 
and  secure  application  on  different  objects  -  it  can  be  reported  that  this  method  repre- 
ee-t*  a  very  good  supplement  to  existing  test  methods  in  some  fields. 

It  also  proved,  however,  that  there  are  fundamental  limitations  which  can  partly  be  de¬ 
ferred  by  an  increased  experimental  expense.  These  limitations  are  connected  with  the  sen¬ 
sitivity  of  the  method,  with  the  possibilities  of  the  object  loading  and  with  the  nature 
of  the  coherent  light. 

Since  the  holographic  method  reacts  extremely  sensitive  on  any  deformation,  Involuntary 
movements  or  deformations  of  the  object  which  are  superimposed  on  the  intended  deformation, 
take  a  strongly  disturbing  effect.  These  phenomena  have  for  Instance  been  observed  at 
components  of  GFRP  disposing  only  of  low  thlckne^a.  In  this  case,  variations  in  the  per¬ 
centage  of  resin  can  either  lead  to  inherent  stress  or  cause  the  different  contents  of 
resin  to  make  varying  deformations.  Then  it  is  no  longer  possible  to  identify  the  inter¬ 
ference  pattern  with  a  theoretically  calculated  basic  pattern,  since  both  outline  dif¬ 
ferent  object  movements.  Moreover,  the  variations  in  the  percentage  of  resin  being  irre¬ 
gular,  the  flaw  detection  is  complicated.  A  flaw  of  a  certain  size  still  to  be  observed 
on  a  regular  basic  pattern  can  then  no  longer  be  detected  on  the  disturbed  basic  pattern. 
Only  flaws  of  a  greater  size  can  be  detected. 

The  uniformity  of  reproduction  of  the  objects  and  a  deformation  behaviour  to  be  described 
by  general  relat'ons  in  the  range  required  for  the  holographic  interferometry  are  the 
pre-condition  for  a  sensitive  flaw  detection.  This  means  for  example  that  an  internal  com¬ 
pression  stress  applied  to  a  cylindrical  tube  will  result  in  an  axially  symmetrical  peri¬ 
pheral  expansion  Independent  of  the  axial  position. 

The  second  directly  reasonable  limitation  of  the  method  has  already  been  mentioned  above. 
Any  object  containing  a  flaw  somewhere  in  its  body  must  dispose  of  a  suitable  stress.  This 
stress  has  to  be  selected  so  that  the  flaw  within  the  body  causes  a  different  deformation 
on  the  object  surface.  The  bigger  the  component,  the  less  this  condition  is  complied  with. 

In  this  case,  a  localization  of  the  flaw  and  finally  also  the  qualita¬ 

tive  detection  can  no  longer  be  carried  out. 

A  third  limitation  is  connected  with  the  light  features  requiring  for  instance  the  men¬ 
tioned  mechanical  stability  of  the  object  during  exposure.  This  condition  can  only  be  met 
as  long  as  the  objects  are  not  too  big  to  be  put  on  the  holographic  table.  Moreover,  they 
have  to  be  stable  in  themselves  as  not  to  get  stimulated  by  vibrations  of  atmospheric  dis¬ 
turbances.  The  demand  for  object  stability  can  only  be  circumvented  by  reducing  essential¬ 
ly  the  exposure  time  and  the  time  between  both  exposures.  This  is  rendered  possible  by 
using  double-impulse  lasers  emitting  2  impulses  of  abt.  20  nsec  each  in  the  interval  of 
abt.  100  nsec. 

There  are  also  limitations  with  small  objects.  The  natural  granulation  makes  Itself  so 
strongly  felt  that  only  very  few  interference  fringes  can  be  resolved  on  a  surface  of 

some  am2.  To  circumvent  this  fact,  methods  of  granulation  reduction  must  additionally  be 

used. 
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SUMMARY 

The  fracture  surfaces  of  two  fatigue  cracks,  that  had  caused  the  failure  of  an  engine 
impeller  during  a  fatigue  substantiation  test,  were  examined  by  electron  microscopy  to 
find  the  number  of  fatigue  crack  growth  cycles.  This  was  done  by  measuring  the  spacings 
of  fatigue  striations  on  the  fracture  surface  as  a  function  of  crack  depth  and  by  subsequent 
integration  of  the  striation  spacing  versus  crack  depth  expression.  The  measured  striation 
spacings  were  compared  with  laboratory  crack  growth  data  to  determine  the  fatigue  stress 
intensity  range  as  a  function  of  crack  dspth  and  hence  the  fatigue  stress  range.  The 
number  of  crack  initiation  cycles  was  then  found  by  comparing  the  fatigue  stress  range  and 
number  of  crack  growth  cycles  with  further  laboratory  data  and  the  total  fatigue  life  was 
calculated  to  have  been  approximately  50,000  cycles.  This  identified  the  fatigue  loading 
that  had  caused  the  failure  as  having  been  the  29179  cycles  of  engine  acceleration  and 
deceleration  that  had  been  applied  during  the  test. 


INTRODUCTION 

The  failure  (-l-)  of  a  gas  turbine  engine  libeller  occurred  during  a  fatigue  substantiation 
test,  in  which  the  engine  was  repeatedly  accelerated  and  decelerated  until  pieces  of  the 
impeller  broke  away  and  the  test  had  to  be  stopped.  An  examination  of  the  impeller  revealed 
that  several  semi-elliptical  fatigue  cracks  {Figs  1,  2)  had  initiated  and  grown  through  the 
impeller  disc  until  final  rapid  failure  occurred.  It  was  necessary  to  find  out  whether  the 
engine  acceleration-deceleration  oycle  or  some  other  form  of  loading,  such  as  resonance 
of  the  impeller,  had  caused  the  fatigue  cracking.  To  do  this  the  number  of  crack  growth 
cycles  was  determined  by  measurement  of  fatigue  striation  spacings  as  a  function  of  crack 
depth  and  integration  of  the  derived  expression.  Laboratory  data (2-7)  relating  fatigue 
crack  growth  rates  to  stress  intensity  ranges  and  fatigue  crack  initiation  periods'8'  to 
fatigue  stress  ranges  was  then  used  to  determine  the  total  fatigue  life  of  the  impeller. 

IMPELLER  HISTORY 

The  impeller  had  been  machined  from  an  aluminum  alloy  forging  to  DTD  731  specifi¬ 
cation,  an  alloy  of  the  RR58  or  AA2618  type.  The  engine  testing  cycle  was*- 

a.  3  seconds  at  10,000  rpm 

b.  Acceleration  to  36,200  rpm  in  17  seconds 

c.  3  seconds  at  36,200  rpm 

d.  Deceleration  to  10,000  rpm  in  17  seconds 

The  engine  impeller  failed  after  29,179  of  these  cycles  had  been  applied. 

FRACTOGRAPHIC  EXAMINATION 

Dye  penetrant  revealed  that,  as  well  as  the  fatigue  cracks  that  had  broken  through 
completely,  there  were  craoks  at  each  point  where  an  impeller  vane  met  the  impeller  disc. 

All  the  fatigue  cracks  initiated  at  the  inside  radius  of  a  balance  ring. (Fig  3).  This 
ring  on  the  face  of  the  impeller  disc  reduced  the  bonding  moment  acting  on  the  impeller 
caused  by  the  asymmetry  of  the  impeller  in  a  radial  plane.  One  fatigue  oraok  (A  in  Fig  1) 
that  had  grown  to  its  oritioal  depth  of  4.0mm  was  examined  in  a  scanning  electron  microscope 
and  striation  spacings  were  measured  as  a  function  of  crack  depth.  A  shorter  crack  (B) , 
that  was  diametrically  opposite  crack  A,  was  broken  open  by  hand  after  the  test  and  found 
to  be  only  1.0mm  deep.  This  crack  was  examined  by  a  carbon  replica  technique  in  a  trans¬ 
mission  electron  microscope. 

FATIGUE  CRACK  GROWTH  RATE  EXTRAPOLATION 

Striations  were  not  deteated  on  either  fracture  surface  at  crack  growth  rates  below 
0.09ym/cycle  or  above  l.Oym/  oycle.  Thus  to  determine  the  total  number  of  crack  growth 
cycles  extrapolation  of  crack  growth  rates  over  the  first  0.4mm  and  the  last  1.0mm  of 
crack  depth  was  necessary.  The  errors  possible  in  this  extrapolation  were  greatest  at 
the  shorter  crack  lengths.  At  crack  depths  greater  than  3.0mm  crack  A  was  growing 
faster  than  l.Oym/ cycle  and  the  last  1.0mm  of  crack  growth  to  rapid  failure  must  have  taken 
less  than  1000  cyoles. 
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Linear  elastic  fracture  mechanics  was  used  as  the  basis  of  the  extrapolation  method 
since  it  has  been  found '•2>  that  the  fatigue  crack  growth  rate  da  can  be  related  to 
the  range  in  stress  intensity  (AJC)  of  the  fatigue  cycle*  -  cRT 


da 
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BAKm 
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B  and  m  are  constants.  Provided  the  section  has  infinite  width  the  stress  intensity 
range  is  proportional  to  the  square  root  of  the  crack  depth  (a)  and  to  the  stress  range 
(Ao)i- 

AK  =  A  a  v'a”  (2) 

Thus  da  _  r  m/2  (3) 

3K  "  ca 

Before  equation  (3)  was  used  to  extrapolate  the  crack  growth  rates,  it  had  to  be  proved 
that  equations  (1)  and  (2)  were  applicable  to  the  fatigue  crack  growth  in  the  impeller. 
By  comparison  of  the  striation  spacings  with  fatigue  crack  growth  rates  that  had  been 
measured  (''  optically  at  increasing  values  of  AK  (Pig  4),  a  graph  of  AK  versus  crack 
depth  was  plotted  on  logarithmic  scales  for  cracks  A  and  B  (Fig  5).  An  R  value  of  0.05 
(Fig  4)  was  considered  for  inspection  purposes  to  be  the  most  applicable  since  R,  the 
ratio  of  minimum  stress  intensity  to  maximum  stress  intensity  of  the  fatigue  cycle  was 
equal  to  the  ratio  of  the  squares  of  the  minimum  and  maximum  engine  speeds 

2 

r  =  minimum  stress  intensity  _  10,000  =  0.077 

maximum  stress  intensity  “  36, 200^ 

The  data  for  crack  A  and  for  some  of  the  depth  of  crack  B  fitted  a  slope  of  0.5  (Fig  5) 
reasonably  well  that  iss- 

AK  «  /ST  (4) 


The  crack  depth  (a)  was  taken  as  the  sum  of  the  fatigue  crack  depth  (af)  and  a  notch 
depth  (a  ) .  That  is  the  balance  ring  was  considered  to  have  been  acting  ar  a  notch  of 
depth  a  0 (Fig  3).  A  value  of  1.2mm  for  a  was  found  to  give  a  good  fit  to  the  straight 
line  in0  Fig  5  and  seemed  reasonable,  being  slightly  less  than  half  the  thickness  of 
the  balance  ring. 

(q\ 

Initially  corrections'  '  were  made  to  equation  (2)  to  correct  for  finite  section 
width  and  crack  front  curvature,  but  as  these  corrections  were  small  (<10%)  and  tended 
to  cancel  each  other  they  were  subsequently  ignored. 


Since  equation  (2)  was  applicable  to  the  impeller,  particularly  for  the  crack  A  that 
grew  to  final  fracture,  a  graph  of  crack  growth  rates  against  crack  depth  was  plotted  on 
logarithmic  scales  (Fig  6).  It  was  found  that  a  straight  line  of  slope  2.06  (ie  m  -  4.12) 
fitted  the  data  well,  especially  when  extra  weight  was  given  to  crack  A.  Thus  to  determine 
the  number  of  cycles  a  Na  that  was  taken  to  grow  from  depths  a.  to  a2,  equation  (3)oan 
be  rewritten  and  1  integrated*  * 


C 


-1 


a-m/2 


da  cycles 


(5) 


However  in  equation  (2)  when  the  crack  depth  was  zero  AK  and  thus  should  have  been 
iero,  that  is  the  fracture  mechanics  approach  breaks  down  at  very  snort  crack  depths. 

The  solution  adopted  was  to  assume  an  incubation  depth  of  0.125mm,  where  the  fracture 
mechanics  approach  did  not  apply.  This  incubation  depth  corresponded  to  experimental 
work19' in  which  the  number  of  cycles  to  form  the  first  detectable  crack  was  measured  for 
varying  stress  ranges  and  notch  geometries,  the  minimum  detectable  crack  depth  being 
approximately  0.125mm.  Thus  from  equation  (5)  the  number  of  cycles  to  grow  crack  A 
from  an  incubation  depth  of  1,325mm  (1.2  +  0.125mm)  to  the  final  critical  crack  depth 
of  5.2mm  (4.0  +  1.2mm)  was  found  to  be  9930  cycles.  The  valuo  of  C  was  taken  as  tne 
value  of  the  crack  growth  rate  when  a  ■  1.0m.  (Fig  6) 

FATIGUE  STRE88  ANALYSIS 

The  two  modes  of  loading  thought  to  be  the  most  applicable  to  the  engine  case 
were  tension  and .bending.  For  a  straight  fronted  crack  in  a  section  of  infinite  width 
the  relationship 

AK  ■  1.1  Ac  /na  (6) 

holds  for  both  these  types  of  loading.  Again  ignoring  the  various  correotion^^or  finite 
seotion  width,  crack  front  shape  and  plastic  sons  sise,  the  stress  range  Ac  was  determined 
by  solution  of  equation  (6).  For  example  at  a  nominal  crack  depth  of  1.0mm  AK  was 
9.7  MNm’3'2  (Fig  5).  Hence  the  total  stress  range  whether  tension,  bending  or  mixed 
mode  was  157  KNm"2  and  the  maximum  stress  omax  the  fatigue  cycle  was  170  KMt'2 
since  R  was  0.077. 


FATIGUE  LIFE  ASSESSMENT 


The  number  of  cycles  to  grow  the  crack  from  the  Incubation  depth  to  final  rapid 
failure  was  calculated  to  have  been, 9 ,930  cycles.  Data  published  by  Pearson**'  suggested 
that  for  a  stress  range  of  160  MNm~2  and  the  blunt  notch  at  tne  root  of  the  balance 
ring  tha  initiation  and  incubation  ataga,  that  ia  the  number  of  cycle*  to  form  a  crack 
0.125mm  deep,  should  have  occupied  approximately  10%  of  the  total  fatigue  life.  (Pig  7). 


Fig. 3  Two  superimposed  radial  sections  taken  through  the  outer  regions  of  the  impeller.  \  section 
in  the  plane  of  an  impeller  vane  is  shown  in  continuous  lines,  a  mid-vane  section  in  dashed  lines 
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Thus  the  total  fatigue  life  of  the  impeller  would  have  been  49650  cycles,  which  is  in 
good  agreement  with  the  number  of  applied  acceleration-deceleration  cycles  (29179)  of 
this  impeller  test. 

DISCUSSION 

Failures  of  components  that  occur  under  service  conditions  are  frequently  analyzed 
qualitatively  by  f ractographic  techniques.  In  this  case  of  a  uniformly  loaded  fatigue 
fracture,  quantitative  analysis  was  possible  in  that  the  total  fatigue  life  and  the 
fatigue  stress  range  were  determined  for  the  impeller  simply  from  fractographic  evidence 
in  the  form  of  fatigue  striations. 

Some  further  information  was  revealed  by  the  fracture  analysis  and  has  not  yet  been 
presented.  Firstly  the  fatigue  crack  growth  rate  of  crack  A  was  increasing  rapidly  as 
the  crack  grew  to  the  critical  crack  depth  of  4.0mm  (ie  ap  +  af  =  5.2mm  in  Fig  5) 
suggesting  that  the  fracture  toughness  of  the  impeller  alloy  for  this  cracking  direction 
was  approximately  24  MNm" 3/2  ,  a  calculation  of  the  fracture  toughnesB  based  on  equation 
(6)  using  cmax  and  including  crack  front  shape  and  finite  width  corrections  resulted  in 
a  value  of  approximately  25  MNm-2/2. 

The  effect  of  the  balance  ring  in  acting  as  a  notch  depth  a0  should  also  be  noted. 

In  the  absence  of  this  blunt  notch  a  fatigue  stress  range  of  160  MNm-2  should  have  given 
a  fatigue  life  in  excess  of  10®  cycles. 

CONCLUSIONS  „ 

(1)  Fatigue  striation  spacings  and  hence  fatigue  crack  growth  rates  were  measured  at 
increasing  crack  depths  on  the  fracture  surface  of  a  fatigue  crack  that  had  caused  total 
failure  of  an  engine  impeller.  From  these  growth  rates,  calculations  revealed  that  the 
fatigue  crack  had  taken  9,930  cycles  to  grow  from  a  depth  of  0.125mm  to  a  critical  depth 
of  4.0mm. 

(2)  The  fatigue  stress  intensity  range,  which  was  found  to  increase  with  the  square  root 
of  the  crack  depth,  was  determined  by  comparison  of  the  striation  spacings  with  laboratory 
crack  growth  data.  From  this  stress  intensity  range,  the  fatigue  stress  range  was  found 
to  have  been  approximately  160  MNm-2* 

(3)  Using  this  value  of  the  stress  range  and  the  number  of  crack  growth  cycles,  the  total 
fatigue  life  of  the  impeller  was  estimated  by  comparison  with  laboratory  data  to  have  been 
approximately  50,000  cycles. 

(4)  This  total  fatigue  life  identified  the  fatigue  loading  as  having  been  the  29,179 
cycles  of  engine  acceleration  and  deceleration  that  were  applied  during  testing. 
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APPENDIX  1  .  TYPICAL  FRACTURE  TOUGHNESS  OP  AIRCRAFT  METALLIC  MATERIALS 


INTRODUCTION 

The  fracture  toughness  values  presented  In  this  appendix  are  expressed  in  terns  of  linear  elastic 
fracture  nechanics.  The  general  tabulation  Includes  only  values  neasured  under  plane  strain  conditions 
These  plane  strain  Kjc  values  have  been  obtained  by  the  ASTM  E399-72  "Standard  Method  of  Test  for  Plane 
Strain  Fracture  Toughness  Testing  of  Metallic  Materials"  or  a  siallar  meth'v'.  This  data  compilation 
Includes  aaterials  manufactured  in  the  USA  and  Europe.  Factors  involved  in  the  selection  and  inter¬ 
pretation  of  the  Kpc  values  will  be  discussed  in  the  latter  sections  of  .his  introduction. 

Plane  Stress  of  Mixed  Mode  1^  Data 

IL-  values  have  not  been  tabulated  in  this  appendix  because  at  present  they  are  not  suitable  for 
general  use  in  design.  There  are  difficulties  associated  with  the  measurement  of  ^  and  with  its  use  as 
a  fracture  criterion  in  structural  applications.  As  a  consequence.  Kg  measurement  methods  have  not  been 
standardised.  In  contrast  to  K^,  th*  plane  stress  value  is  a  function  oi  several  structural  or  speci¬ 
men  related  variables  such  as  the  material  thickness,  the  crack  length,  the  crack  length  to  width  ratio, 
the  stiffness  of  a  structural  part  or  specimen  and  the  stiffness  or  the  system  applying  load  in  a 
structural  application  or  of  a  laboratory  materials  testing  system.  They  are  also  uncertainties  in 
defining  and  measuring  the  critical  crack  length  at  instability  which  must  be  obtained  in  order  to 
evaluate  1^.  However,  it  is  of  Importance  to  quantitatively  illustrate  the  extent  of  the  increase  in 
fracture  toughness  which  typically  occurs  when  the  material  thickness  is  reduced  and  plane  strain 
restraint  decreases.  In  figure  1,  section  V,  curves  illustrate  this  effect  for  i  ateel  alloy,  300 
Grade  Naraging;  a  titanium  alloy,  4Al-3Mo-lV;  and  an  aluainum  alloy,  707S-T7351. 

Characteristics  of  Selected  KIC  Materials 

Toughness  values  are  shown  for  materials  which  have  a  high  strength  to  weight  ratio.  In  general 
such  materials  have  the  following  room  temperature  yield  strengths:  Steel,  180  KSI (1241  MN/m2); 

Titanium  130  KSI (896  MN/m?)  and  Aluminum  SO  KSI(34S  MN/m2). 

Testing  Conditions 

The  material  values  shown  correspond  to  quasi-static  loading  of  approximately  one  to  three  minutes 
duration.  The  environment  is  a  neutral  laboratory  environment  in  which  no  aggressive  chemicals  or 
extremes  of  huaidity  are  intentionally  Introduced. 

Specimen  Types 

Kic  values  shown  have  been  obtained  from  ASTM  recon-rended  Bend  and  Compact  Tensile  Specimens  and 
from  a  variety  of  other  specimens:  Four  Point  Bend,  Double  Cantilever  Beam,  Wedge  Opening  Loading,  Side 
Edge  Notched,  Center  Cracked  specimens  and  a  few  Double  Edge  Cracked  and  Notched  Round  specimens. 

Surface  Cracked  Specimen  data  is  not  included  in  the  appendix  since  although  this  configuration  is 
extremely  important  In  applications,  zrlterla  for  validity  of  measurements  of  Surface  Cracked 
Specimens  have  not  been  established. 

Criteria  for  Validity  of  Typical  Kjc  Values 

The  ASTM  E399-72  requirements  are  taken  as  the  general  guide  for  validity.  However,  since  complete 
detills  of  factors  cited  by  ASTM  are  usually  not  available,  personal  judgment  must  be  exercised.  For 
example,  although  all  data  listed  pertain  to  fatigue  cracked  specimens,  the  range  of  imposed  K{  during 
fatiguing  Is  usually  not  reported.  Tn  addition  the  crack  front  curvature  and  the  orientation  of  the 
crack  plane  with  respect  to  the  loading  axis  are  also  unknown.  Other  typical  unknowns  are  the  critical 
crack  length,  the  details  of  selection  of  the  critical  load  value,  the  appearance  of  the  fracture  sur¬ 
faces,  the  details  of  fixture  design  to  minimize  friction  and  the  linearity  of  the  displacement  gage. 
Therefore,  it  is  often  necessary  to  assuse  that  in  general  the  test  measurements  have  been  carried  out 
according  to  good  practice,  tr,  terms  of  specific  criteria  for  inclusion  in  this  appendix,  the  ASTM 
requirement  of  thickness  greater  than  2.5  (Kic/9ys)2.  **>  applied.  Virtually  all  of  the  data  satisfied 
this  requirement.  Although  it  would  be  desirable  to  require  that  crack  length  exceed  2.5  (Kic/oys)2, 
this  criterion  was  not  rigidly  imposed.  The  minima  reported  crack  length  for  data  presented  in  this 
appendix  ls,1.2S  (Kic/oys)2- 

Accuracy  of  KIC  Values 

In  general  the  KjC  values  shown  are  averages  of  several  tests.  The  range  of  typical  data  nay  be 
interpreted  to  be  the  average  shown  ♦10%.  In  cases  where  the  range  of  toughness  values  was  large, 
either  the  entire  range  is  shown  or  the  extremely  high  values  were  excluded  before  computing  the 

average. 

Parameters  Influencing  Kic 

Mhere  available  the  influence,  whether  significant  or  negligible,  of  material  fora  and  thickness, 
composition,  heat  treatment,  testing  temperature  and  material  anisotropy  and  yield  strength  upon  Kic  is 
shown  by  the  series  of  data  entered  in  the  tables.  Tn  most  cases  where  a  particular  heat  treatment 
produces  both  the  highest  yield  strength  and  toughness,  data  for  other  heat  treatments  are  omitted.  It 

which  leads  to  the  highest  toughness  is  not  included  in  this  compilation.  In  those  instances  it  is  not 
possible  to  obtain  valid  K[c  measurements  for  the  particular  uterial  thickness  of  interest.  There  are 
additional  parameters  which  may  also  influence  Kj-  values  whiMtere  not  shown  in  thest  tables  since 
they  are  rather  infrequently  reported.  These  include  melting  piwi ice.  heat  treating  practice  such  as 
the  size  of  quenching  bath  relative  to  the  material  size  and  the  amount  of  material  straining  during  forging. 


Units,  Symbols  and  Nomenclature 


Data  is  presented  in  the  customary  units  used  in  the  USA  with  accompanying  International  System 
Units  (SI)  in  parentheses.  The  definition  of  units  and  symbols  for  specimen  orientation  and  type  are 
given  preceding  the  tabulations. 

DEFINITION  OF  SYMBOLS  AND  UNITS 


a)  Composition  and  Heat  Treatment  Codes 
Code  Form:  Letter,  Number 

Letter  -  Identifies  Composition 
Number  -  Identifies  Heat  Treatment 

Detailed  descriptions  of  Composition  and  Heat  Treatment  are  at  the  bottom  of  each  table.  The 
compositional  values  are  measured  values  in  terms  of  percentage  by  weight,  except  when  designated 
"ppm"  parts  per  million. 

When  only  specified  composition  is  available,  the  nominal  specified  levels  are  followed  by  the 
letter  "N"  and  the  maximum  levels  of  other  elements  are  followed  by  "M". 

b)  Orientation  of  Specimens 

Code:  First  Letter:  Direction  of  Loading 

Second  Letter:  Direction  of  Crack  Propagation 
L:  Direction  Parallel  to  Primary  Grain  Flow  Direction  of  Plate,  Forging  or  Extrusion 

T:  Direction  Parallel  to  Largest  Dimension  in  Plane  Transverse  to  L  Direction 

S:  Direction  Parallel  to  Smallest  Dimension  in  Plane  Transverse  to  L  Direction 

ST4:  Direction  45*  Between  Directions  of  Largest  and  Smallest  Dimension  in  Plane  Transverse  to  L 

Direction 

R:  Radial  Direction 

C:  Circumferential  Direction 

If  a  direction  is  ambiguous  in  terms  of  two  of  the  above  definitions,  then  both  directions  are  shown. 


c)  Specimen  Identification 


Bend: 

Bend  (4  pt) : 
CT: 

WOL: 

CC: 

DEC: 

SEN: 

NR: 

DCB: 


3  point  Bend  Specimen 

4  point  Bend  Specimen 

ASTM  Compact  Tensile  Specimen 

Similar  to  CT,  but  with  different  dimensions 

Remotely  Loaded  Flat  Ten;ile  Specimen  with  Center  Notch 

Remotely  Loaded  Plat  Tensile  Specimen  with  Double  Edge  Cracks 

Remotely  Loaded  Flat  Tensile  Specimen  with  a  Single  Edge  Crack 

Round  Tensile  Specimen,  Circumferentially  Notched 

Double  Cantelever  Beam  Specimen 


d)  Units 


Temperature : 
Stress: 

Stress  Intensity: 
Length: 


F  -  Degrees  Fahrenheit 

K  -  Degrees  Kelvin 

KSI  -  Kips  per  Square  Inch 

MN/m2  -  Mega  Newtons  per  Square  Moter 

KSI  /In  -  Kips  per  Square  Inch  Times  Square  Root  Inchos 

MN  m-V2  -  Mega  Newtons  times  (Meters) -S/2 

in,  mm  •  Inches,  Milimeters 

ft,  m  -  Foot,  Meters 
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1796F  U2S3K),  1  Hr.  Quench  in  Lead  Bath  931F  (773*] ;  Ausfomed,  70%  Reduction, 
Air  C<  iled;  Tenper  7S0F  C672K],  1  Hr. 

1796F  12S3K),  1  Hr,  Qiench  in  Lead  Bath  931F  (773K) ;  Ausformed,  70%  Reduction, 

Air  Cc  lied;  Tenper  391P  (473K),  1  Hr 
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Steel,  Lo*  Alloy:  A1S14140  Table 
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in  accordance  with  ASTM  Recommendations 


Low  Alloy:  A1S1  4340  [Shoot  2  of  2)  Table 
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Nickel:  9Ni-4Co-.3C 
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APPENDIX  2 


FRACTURE  TOUGHNESS  TEST  RESULTS 


W.  T.  Kirkby 


INTRODUCTION 

This  list  gives  valid  fracture  toughness  test  results  from  tests  which  confor  i  to 
the  recommendations  of  the  American  Society  for  Testing  Materials  (STP  410  -  1967)  and 
the  corresponding  British  Standards  Institution  recommendations  (BSI  Draft  for  Development 
No  3  -  1971) . 

Data  for  titanium  alloys,  steels  and  aluminivm  alloys  have  been  collated.  The 
composition  of  the  alloys,  their  form,  their  treatments  and  the  fracture  plane  orientation 
of  the  fracture  toughness  test  pieces  are  given.  Tensile  test  results  for  the  various 
heat  treatments  are  included.  The  results  have  been  obtained  from  room  temperature  tests. 

PRESENTATION  OF  DATA 

Tensile  and  fracture  toughness  test  results  for  titanium  alloys  are  given  in  Table  1, 
together  with  the  alloy  form,  the  heat  treatment  and  the  crack  plane  orientation  of 
the  fracture  toughness  test  piece.  Tensile  test  results  and  related  Kic  values  are  from 
the  same  batch  of  material.  In  general,  the  tensile  test  results  are  average  figures 
from  a  number  of  tests.  The  K.  figures  are  actual  values  obtained  on  testing  and  thus 
an  indication  of  the  degree  of^Scatter  in  Klc  is  provided.  Insufficient  data  is 
available  to  allow  meaningful  standard  deviations  or  coefficients  of  variation  to  be 
derived. 

The  designation  of  the  plane  strain  fracture  plane,  which  is  coincident  with  the 
notch  orientation,  follows  the  practice  recommended  in  British  Standard  Draft  for 
Development  No  3,  Appendix  D  which  uses  three  reference  axes  for  non-cy ] indrical  sections 
as  follows: 

L  =  longitudinal,  ie  parallel  to  the  grain  flow 

T  =  transverse,  ie  in  the  direction  of  minimum  movement 

S  =  short  transverse,  ie  across  the  plane  of  maximum  material  deformation, 

"Using  a  two  letter  code  the  first  letter  will  indicate  tho  direction  perpendicular  to  the 
crack  plane  and  the  second  the  direction  of  the  crack  front  movement." 

For  cylindrical  sections  the  axes  are  designated: 

L  =  the  long  axis  of  the  cylinder 

C  =  a  circumferential  axis 

R  =  radial  axis. 

The  tensile  test  direction  is  such  that  the  long  axis  of  the  test  piece  is  porpendioular 
to  the  fracture  plane  orientation  of  i he  fracture  toughness  test  piece. 

The  heat  treatments  are,  in  general,  those  actually  us.,d.  Where  the  actual  heat 
treatment  was  r.ot  available,  that  recommended  in  the  appropriate  specification  is  given. 

The  compositions  of  titanium  alloys  are  listed  in  Table  2,  Actual  analyses  are 
given  where  available  and  specification  composition  ranges  are  given  in  other  casen.  The 
index  number  in  the  first  column  of  Tables  1  and  2  relates  the  material  test  results  to 
its  composition  in  the  two  tables. 

A  similar  presentation  has  been  made  of  tho  data  for  steels  in  Table  3  for  results 
etc.,  and  in  Table  4  for  steel  compositions.  Actual  analyses  are  listed  for  the  majority 
of  the  steels. 

Again,  a  similar  presentation  has  been  made  for  aluminium  alloy  data  in  Table  5  and 
aluminiun alloy  compositions  in  Table  6.  The  heat  treatments  listed  aro,  in  the  main, 
tho  heat  treatments  recommended  in  the  appropriate  specifications.  In  Table  5  the  alloys 
have  been  listed  in  order  of  their  numerical  designation  and  thorefo ’e  alloys  of  similar 
composition  are  not  necessarily  adjacent  to  one  another  m  tho  table.  Specif Nation 
compositions  rather  than  actual  analyses  are  given  in  Table  6. 
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APPENDIX  3 

STRESS  INTENSITY  FACTOR  SOLUTIONS 
D.  P.  Rooke  and  D.  J.  Cartwright 

Introduction 

Thii  appendix  contain!  tha  titles  and  references  of  approximately  140  configu¬ 
rations  for  which  street  intensity  factors  have  been  determined.  Section  I  gives  the 
titles  of  the  varioue  configurations  together  with  reference  nimbers,  which  are 
detailed  in  section  2.  The  solution*  are  given  in  graphical  form  together  with 
relevant  formulae  ini 

"A  compendium  of  streta  intensity  factors” 
by  D.P.  Rooke  and  D.J,  Cartwright 

published  in  the  United  Kingdom  by  Her  Majesty's  Stationery  Office. 

SECTION  I 


FLAT  SHEETS 

Stress  boundary  conditions 


1 

Slant  crack  in  an  infinite  sheet:  biaxial  tension. 

m 

2 

Central  slant  crack  in  a  rectangular  aheeti  uniaxial  tension. 

[2] 

3 

Central  slant  crack  in  a  rectangular  sheett  uniaxial  tension  (parabolic 
distribution) . 

(2] 

4 

Circular  aic  crack  in  an  infinite  sheet i  uniaxial  or  biaxial  tenaion. 

(31 

5 

Crack  in  a  semi-infinite  sheett  uniaxial  tension, 

[4.5] 

6 

Semi-infinite  crack  in  half-planet  constant  load  or  constant  moment. 

161 

7 

Two  collinear  semi-infinite  cracks  in  an  infinite  sheett  constant  load  or 
constant  moment. 

[6] 

S 

Central  crack  in  a  finite  width  sheett  uniaxial  tension. 

. . . 

9 

Central  crack  in  a  rectangular  sheett  uniaxial  tension. 

[11,13] 

10 

Eccentric  crack  in  a  finite  width  sheett  uniaxial  tenaion. 

[14] 

11 

Crack  in  infinite  aheeti  bending. 

13) 

12 

Central  crack  in  a  finite  width  shestt  bending. 

[5,15] 

13 

Single  edge  crack  in  a  finite  width  sheett  uniaxial  tension  with  or  without 
banding  constraints. 

[16,17,18] 

14 

Single  edge  crack  in  a  rectangular  sheet!  uniaxial  tension  with  or  without 
constrained  ends. 

[19,20] 

15 

Single  edge  crack  in  a  finite  width  shaett  banding. 

[18,21] 

>6 

Long  single  edge  creek  in  a  finite  height  shestt  bending 

(22] 

17 

Single  edge  crack  in  a  finite  width  shaett  3  point  bending. 

[18,23] 

It 

Slant  edge  crack  in  finite  width  sheet t  uniaxial  tension. 

(24] 

19 

Doubts  edge  cracks  in  a  rectangular  ibeeti  uniaxial  tension  with  or  without 
constrained  sods. 

[7,25,26] 

20 

Edge  crack  in  a  cantilever  beam:  end  loading. 

[24] 

21 

81ant  edge  crack  in  a  rectangular  sheett  bending. 

[24] 

22 

One  or  two  cracks  at  tbs  edge  of  a  circular  hole  in  an  infinite  sheet*  uniaxial 
or  biaxial  tension. 

[27] 

23 

Two  cracks  at  tha  edge  of  a  circular  hols  in  a  rectangular  shaett  uniaxial 
tension. 

[28] 

24 

Two  cracks  at  tha  edge  of  an  elliptical  hole  in  an  infinite  shestt  uniaxial 
tenaion. 

(211 

25 

Two  cracks  at  tha  edge  of  a  rectangular  hole  in  an  infinite  sheett  uniaxial 
tension. 

(29] 

V 


26  Crack  near  a  circular  hole  in  an  infinite  ahaati  uniaxial  tension.  [30] 

27  Crack  near  a  circular  holt  in  an  infinite  ahaati  bending.  (30) 

28  Crack  near  a  circular  elaatic  inclution  in  an  infinite  aheet:  uniaxial  tanaion.  131.32} 
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29  Crack  between  two  circular  ho lea,  cn  the  crack  line,  in  an  infinite  aheeti 

uniaxial  tanaion.  (28) 

30  Crack  between  two  circular  holea,  not  on  the  crack  line,  in  an  infinite  aheeti 

uniaxial  tanaion.  [28] 

31  Two  equal  length  collinear  cracka  in  an  infinite  aheeti  uniaxial  tanaion  or 

theur.  [33,34] 

32  Two  equal  length  collinear  cracka  in  a  finite  height  aheeti  uniaxial  tanaion.  [35,36] 

33  Two  unequal  collineaT  cracka  in  an  infinite  aheeti  uniaxial  tanaion  or  ahear.  [37,33] 

34  Two  parallel  overlapping  cracka  in  an  infinite  aheeti  uniaxial  tanaion.  [33,39] 

33  Two  parallel  overlapping  cracka  in  an  infinite  aheeti  ahear,  [38] 

36  Two  equally  inclined  cracka  in  an  infinite  aheeti  uni axis.  tanaion.  [38] 

37  Odd  nuaber  of  periodic  collinear  cracka  in  an  infinite  ahaati  uniaxial  tension 

or  shear.  [38] 

38  Infinite  .array  of  periodic  collinear  cracks  in  an  infinite  aheeti  uniaxial 

tanaion  or  shear.  [38,40,41,42,43] 

39  Odd  nuaber  of  periodic  parallel  cracks  in  an  Infinite  aheeti  uniaxial  tanaion 

or  ahear.  [38] 

40  Infinite  array  of  periodic  parallel  cracka  in  an  infinite  aheeti  uniaxial 

tension  or  shear.  [38,44,45] 

41  kadial  crack  in  a  hollow  cylinder!  internal  preaaure.  [46] 

42  ladlal  crack  in  a  hollow  eyUndari  external  radial  tanaion.  [47] 

43  Internal  radial  crack  in  a  rotating  disc.  [48] 

44  Redial  edge  crack  in  a  rotating  dire.  [49] 

Displacement  boundary  conditions 

45  Mgs  crack  in  a  rectangular  sheet i  unifora  displaceaent.  [50] 

46  Single  edge  crack  in  a  rectangular  sheet!  linearly  varying  end  displaceaent.  [50,31,52] 

47  Edge  crack  in  a  rectangular  ahaati  rotation  of  ends,  [53] 

48  Two  collinear  cracka  in  a  finite  height  aheeti  unifora  displacement.  (35,36] 

49  Lcng  edge  crack  in  a  finite  height  aheeti  unifora  displaeaaent.  [22,54] 

Point  loading 

50  Crack  in  an  infinite  ahaati  point  fores,  [55] 

51  Crack  in  an  infinite  ahaati  point  noaant,  [55] 

52  Periodic  array  of  collinear  cracks  in  an  infinite  aheeti  periodic  array  of 

point  forces  on  crack  centreline.  |56] 

53  Periodic  array  of  collinear  cracka  in  an  infinite  aheeti  periodic  array  of 

point  toreea  on  lines  of  syanetry  between  cracks.  [561 

54  Creek  at  the  centre  of  a  disci  diametral  covers stive  forces  collinear  with 

crack.  (57,58] 

55  Crack  at  the  centre  of  e  disci  syaMtricel  redial  forces  in  disc  perpendicular 

to  crack.  [57,58] 

56  Radial  crack  in  disci  tensile  forces  perpendicular  to  crack  at  edge  of  disc.  (57,58) 

Crack  line  boundary  conditions 

57  Crack  in  an  infinite  aheeti  point  fores.  (1,55) 

58  Crack  in  an  Infinite  ahaati  distribution  of  tensile  or  shear  forces.  (1] 
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59  Long  edge  creek  in  en  infinite  iheett  wedge  opening  displacement. 

60  Long  edge  creek  in  en  infinite  ilieett  point  forcee. 

61  Long  double  edge  creeks  in  en  infinite  sheet t  point  forces. 

62  Creek  in  s  finite  height  sheet:  point  force. 

63  Creek  in  e  finite  height  sheet:  uniform  pressure. 

64  Central  slent  creek  in  e  rectengulsr  sheet:  uniform  pressure. 

65  Creek  in  e  finite  height  sheet:  uniform  sheer. 

66  Centrel  slent  creek  in  e  rectenguler  sheet:  uniform  sheer. 

67  Long  edge  creek  in  e  slender  been:  uniform  moment. 

68  Creek  in  e  finite  height  sheet:  uniform  moment. 

69  Creek  in  sn  infinite  sheet:  wedge  opening  displecement  end  uniform  pressure. 

70  Creek  in  e  finite  height  sheet:  wedge  opening  displecement. 

71  Long  edge  creek  in  e  rectenguler  sheet:  splitting  forces. 

72  Single  edge  creek  in  e  tepered  sheet:  splitting  forces. 

73  Long  edge  creek  in  e  slender  beemi  splitting  fores  or  wedge  opening. 

74  Creek  et  edge  of  e  circuler  hole  in  en  infinite  sheet i  uniform  pressure. 

75  Symmetries!  ster  sheped  creek  in  en  infinite  sheet:  uniform  pressure. 

76  Internet  rediel  creek  in  e  circuler  disc:  uniform  pressure. 

77  Edge  creek  in  e  circuler  disc:  uniform  presume. 

78  Centrel  creek  in  en  ellipticel  disc:  unifjjrm  pressure. 

> 

79  Two  equal  length  collineer  creeks  in  en  infinite  sheet:  point  force  on  one 
creek. 

80  Periodic  errey  of  creeks  in  pelts:  symmetrical  point  forces. 

Plates  end  shells 

81  Slent  crack  in  an  infinite  plate:  banding. 

82  Crack  in  a  finite  width  plate:  bending. 

83  Crack  in  en  infinite  plate:  blasial  twisting. 

84  81ant  crack  in  sn  infinite  plate:  shear  couple. 

(5  Crack  in  en  infinite  plate:  point  moment  on  creek  surface. 

86  Crack  in  an  infinite  plate  on  an  elastic  foundation:  uniformly  distributed 

plate  load. 

87  One  or  two  cracks  st  the  edge  of  s  oiroutar  bole  in  an  infinite  plate*  banding. 

88  8pberlsal  shall  with  a  meridional  ertek:  internal  pressure. 

89  Cylindrical  shall  with  sn  axial  orach:  internal  praaaura. 

90  Cylindrical  ehtll  with  a  circumferential  creak:  internal  praaaura  and  axial 

tana ion. 

91  Cylindrical  (ball  with  as  axial  craekt  torsion, 

92  Cylindrical  ahall  with  a  oircumferaotitl  creak:  toraion, 

Stiff seed  Shafts 

93  Infinite  sheet  with  a  orach  eywetrieel  about  a  single  integral  ttiffameri 
uniform  t too ion,  stiffener  intaat, 

94  Infinite  ahaat  with  a  crack  lyaetrleel  about  a  (ingle  integral  stiffener: 
uniform  tanaion,  stiffener  broken  or  intaat. 


(59) 

155) 

(55) 

(60) 

(35,60,61) 

(24) 

[6(4 

(24) 

(22) 

fco] 

(62) 

(35) 

(63) 

(63) 

(59) 

(28) 

(64) 

[63,66] 

(67) 

(66) 

155) 

168) 

(1) 

1691 

01 

(I) 

(68) 

[7(4 

[7tl 

(72,73) 

[72,76,73,711 

[77,7P.79| 

[Ml 

l«l 

182) 

[Ml 


93  Infinite  «h*st  with  a  amk  n»#v  to  •  tingle  integral  stirrenavi  uniform 

tension,  stiffener  inteut,  1**1 

96  Finite  width  sheet  with  «  urswk  located  oentvslly  between  integrally 
et If fened  sheet  edges)  uniform  tension  with  stiffener  hiving  it  re  or 

infinite  in*plsu#  bending  stiffness,  U*86| 

97  Infinite  sheet  with  periodle  ersoks  in  alternate  bay*  of  a  atilti-bay 

integrally  stiffened  panel)  uniform  tension,  (61 

90  Infinite  sheet  with  s  creek  symmetrical  shout  u  single  riveted  stiffener) 

uniform  tension,  broken  or  Intact  stiffener,  111,86) 

99  Infinite  sheet  with  a  crack  asyevetricel  to  a  single  riveted  stiffenen 

uniform  tension,  (86) 

100  Infinite  sheet  with  a  creak  loaated  centrally  between  two  riveted  stiffeners) 

uniform  tension,  (86) 

10)  Infinltu  sheet  with  e  crack  tyneefirlasl  about  the  usntvsl  unbroken 

stiffener  of  an  array  of  rivstsd  itiffsnsrii  uniform  tsnsion,  (87,88) 

102  Crack  symmetrical  betwaen  two  rivetad  atifftnera  in  an  array)  uniform 

tension.  (87) 

103  Crack  in  an  infinite  sheet  reinforced  with  patchaai  uniform  tension,  (89| 

104  Cylindrical  shell  with  an  exlel  crack  in  the  vicinity  of  a  circumferential 

stiffener)  internal  pressure,  (76) 

Bare  in  shear  end  torsion 


103  Internal  crack  along  a  disaster  in  s  circular  bar)  torsion,  (80) 

106  Ona  or  two  radial  edge  cracks  in  a  circular  bar)  torsion  and  sheer,  (90,91) 

107  Arbitrary  number  of  equally  spaced,  equal  length  radial  oraoks  In  a  circular 

bari  toraion,  (91 I 

108  Single  edge  crack  along  the  major  diameter  to  the  near  focus  in  an  elliptical 

bart  torsion.  190) 

109  Externa',  circumferential  crack  in  a  aolid  circular  ban  toraion,  (16| 

DO  External  circumferential  crack  in  a  hollow  bart  toraion,  |I6| 

111  Double  edge  cracks  in  a  square  ban  torsion,  (92) 

112  Single  edge  crack  in  a  square  bart  torsion,  longitudinal  and  transverse  shear,  (92,93) 

113  External  radial  crack  in  a  hollow  bart  toraion  and  tranavarta  shear,  (94) 

Solids  under  longitudinal  shear 

114  Crack  in  an  infinite  shoot)  longitudinal  ahear  at  an  arbitrary  angle  to  the 

crack  lino.  (93) 

115  Right  angled  crack  in  an  Infinite  sheet)  longitudinal  ahear  at  an  arbitrary 

angle  to  the  crack.  (93) 

116  Symmetrical  star  crack  <3  tips)  in  an  infinite  sheet)  longitudinal  shear  at 

an  arbitrary  angle  to  the  creek.  (95) 

117  Symmetrical  star  crack  (4  tips)  in  en  infinite  sheet)  longitudinal  shear  at 

an  arbitrary  angle  to  the  crack,  (93) 

118  Circular  arc  crack  in  an  infinite  oheeti  longitudinal  shear  at  an  arbitrary 

angle  to  the  crack.  (95) 

119  Two  equal  cracks  at  the  edge  of  a  circular  hole  in  an  infinite  sheet) 

longitudinal  shear  st  an  arbitrary  angle  to  the  crack,  (95) 

120  Three  collinear  cracks  in  on  infinite  sheet  with  outer  oraoks  the  same  length) 

longitudinal  shear  parallel  to  the  cracks,  (96) 

Three-dimensional  configurations 

121  Half  plane  crack  in  an  infinite  solid)  symmetrical  point  forces  on  the  crack.  (97,98) 

122  Penny  shaped  crack  in  an  infinite  solid)  pair  of  point  forces  perpendicular 

to  the  crack  on  the  axis  of  syasaetry.  (39) 


**h 

HI  Nutti  ilt»|t»4  fuel  |t#yy#iitHt?MUy  v,t  tuvtm  uf  «  kimI  <iiitittil*  »utUi  tmitare 

•uvl  liti»«yky  v*yyim  *»y***,  III) 

IS*  Nrt«y  *lt*p*4  eya«k  (|*y*ll*l  t«  Fit*  Uf  *  '  4i°iitfiltiH  IllUt  llll*ytial 

py*»»uy»,  «uyr*y*  e»  tntlitl  yigiily  ilaxjt**  tty  «*<««•  ry*»,  (ids) 

III  l**tttty  ftlt«tt»4  «y*«h  lit  «  l*t*»  kttwt  Itifttlitt*,  | un| 

HI  Pstuty  shaped  ey»*>k  itt  *  lltiek  »l«tet  uttifun*  ytiiittv*  ay  diiplattiMttt,  |lt)S,|t)l| 

H?  Cty*ttl*y  «mtulu*  ey*t’V  itt  «n  infinite  *ai idt  uttifny#  py«»»tiy*,  lltM,  IUI,  lue) 

111  Penny  ih*ned  ny*ek  in  t  iplteyet  unit aye  ittlsvn*!  py»»*uy«.  ipheyiea)  eupfeee 

ellltlly  fitted,  *ir#*»  f y«»,  «y  set's  yttdDl  diepieeeeettl  end  mev  ety-tee,  llOfi 

111  Penny  shaped  tsvask  itt  •  elyettlar  vyllndeyt  uni  tare  and  p*takeli«  ayeiauvt, 

eylindviual  *uyf««*  me**  fy«*  ay  tevu  *4iil  diiplteeaeni  end  *(t*»y  »iy*»e,  |UW,IQ*| 

l)U  Ktueytt*!  v>ly«i»l«y#nit*l  eyank  in  «  hollas  eiyattUy  eyllndeyt  ttnlfoy#  (*ttiiatti  U,  II, II) 

111  Katertial  olyotuiftyeitiUI  eyaak  in  •  holies  aiyaaUr  eyllndeyt  ketidiiti,  III) 

111  Ktnerttal  eiyaunfevential  eraok  in  •  halloa  elteulav  eyllttdevt  mnevey**  alteat,  til) 

111  KeeWelveula?  penny  »h»p»d  euyfa®*  ay«»k  In  a  «#»l»infiitU#  telidt  uttlfoy# 

anti  i(tt««yly  vavylng  »yv**»,  (no) 

111  Ittttoatplele  penny  ehaped  luyfttit  «f*ak  in  •  awMnfinita  aolitit  uttlfuy#  ant) 

linearly  vttvyiit*  itreia,  till) 

111  Inttowplul*  |t«nny  shaped  euyfaae  ayaak  in  •  finis*  altieknm  pltiat  utiifee# 

(anaiatt.  (ill) 

111  Klllptioal  ayavk  itt  an  infinite  aalitit  tmifaon  tenelen  anti  itiiernei  pytMure,  (111,111,111) 

111  klliptiaal  araak  in  an  infinita  telidt  aikitvayily  inclined  ahaay  etveii,  (III) 

111  Klliptiaal  junction  heiseen  too  laatl-inf inlta  talitiat  unifay#  tension 

Saypandiaultr  to  tha  junelien  plana  av  unlfam  ahaay  slang  »*jov  aala  uf 
auction,  (III) 

111  Klliptiaal  Junotiun  between  too  ««ai-infinlta  aolltiai  unifotn  diapUaaatant 

•  long  Major  aala  of  junation,  (HI) 

1*0  Klliptiaal  ataak  in  a  aawi-inflttCta  aolltlt  unifotat  (tension  and  htmliug,  (III) 

1*1  KMiptiaal  araak  lit  a  flnlta  tVnknan  platat  uni  fart*  tanaion,  (110) 

1*1  3s*ti -elliptic*  l  auvfaaa  avaok  In  a  seal-infinite  aolidt  unitor#  tanaion,  (ml 

1*1  Sesti-elliptioel  aurfaaa  ortok  in  a  finita  thlaknaa*  platat  unitor#  tanaion,  (111,111,11*) 

I**  Quavtar-olvoulav  crack  in  a  guevtsr  infinite  aolidt  unifoni  tanaion,  (111) 


The  respective  stress  intensity  values  tor  tha  above  cases  will  ha  of  particular 
interest  to  research  engineers,  Ueslgneraand  materials aciantiata  needing  a  source  of 
stress  intensity  factora  for  the  application  at  fracture  mechanics  principles  to  fatigue, 
strata  aorrosion  cracking,  mecltanioal  testing  and  the  analysis  of  structural  failure. 

The  solutions  in  the  Rooke  and  Cartwright  book  have  been  obtained  from  an  exhaustive 
aurvey  of  published  reports  and  papers,  of  whiah  approximately  150  are  cited!  the  result! 
have  been  analysed  and  most  are  presented  in  graphical  form, 

The  following  is  an  example  of  the  stress  intensity  solutions  given  by  Rook#  and 
Cartwright.  Figures  and  other  references  will  be  found  in  their  book. 


An  infinite  sheet  contains  a  crack  situated  along  the  line  y  *»  0  with  tips  at 
a  *  ia.  A  force,  with  horizontal  component  0  (foraa/unit  thiakneas)  and  a  vertical 
component  P,  acts  in  the  plana  of  the  aheot  at  a  point  (x,y) (see  figures  (108)  to  (113). 
This  configuration  has  been  studied  by  Brdogan  (38)  using  complex  stresa  functions!  both 
opening  and  sliding  modes  have  been  considered, 


The  stresa  intensity  factors  for  the  tip  at  x  »  a  can  be  written  in  terms  of  the  real 
and  imaginary  parts  of  the  two  complex  functions  G(a)  and  tl(a),  which  are  defined  aa 


Q(»)  •  a  +  s 


and  H(s) 


where  s  •  x  +  iy  and  2  «•  x  -  iy  (i  ■  /^-T' ) ,  pour  auxiliary 


(1) 

functions  are  required 


«  1  «  HtttttUM.  *  he|))(»l| 


13) 


t)a  *  'lm|ti(«)  1 ,  Mj  »  »I«|H(*I  | , 

where  {hi  mid  im  respectively  denote  real  mu)  imaginary  parts, 

verves  of  t.he»e  fwnetiens  va,  «/a  ere  shown  for  various  values  of  y^a,  Raeh  funetion 
la  plotted  separately  for  the  three  regions  */*  40,1,  0,ii?N/e  <1,6  and  s/a  W,4, 

for  ilia  horiaentel  ftirait  the  stress  intensity  feetera  are  given  fey 


lL?  U4  ♦ 


with  K|  m  Q 


*e=:‘**t±^3_ 
a  ,mrrs» 

a  i%a 


PC-H) 


il> 


**'a  i“  ua  *  J1 


Hi 


(a  t  4) 


for  the  vert leal  fores 


with  Hi  <»  g 


with  Hi  * 


i*fr~ 

4' 


with  K|  » 


a 


-  /&^X\ 

\w  4  i  / 


U> 


(1) 


(6) 


t'lia  Ri'»  defined  ahove  are  the  stress  intensity  faetore  if  appropriate  foroea 
wore  noting  at  the  midpoint  of  the  erav?h)  «  li  a  function  of  Poissons  ratio  (o)  given, 
for  piano  at  rain,  fey  3  «  4u  and,  for  piano  atreaa,  fey  (3  «  uyu  ♦  v\) ,  Piano  stress  curves 
of  K./H|  ant)  H„4K|  vfc  m/a,  for  various  value*  of  y/a,  are  shown  in  figures  (444)  to  (433) 
for  noth  horir.fental  and  vertical  fores*  (u  «  0,3),  Thu  eurve#  are  plotted  aeparately  in 
the  three  region*  listed  above , 
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APPENDIX  4 

INTERNATIONAL  SYSTEM  Of  UNITS  (SI)* 


THIS  TURNS  CLASSES  Of  SI  UNITS 

The  International  System  otf  Units  was  adopted  by  the  Eleventh  General  Conference  on 
Weight*  and  Measures ,  Paris,  October  1960. 

Si  units  are  divided  into  three  classes < 

base  units, 
derived  units, 
supplementary  units. 

Prom  the  scientific  point  of  view  division  of  SI  units  into  these  three  olanses  is 
to  a  certain  extent  arbitrary,  because  it  is  not  essential  to  the  physios  of  the  subject. 

Nevertheless  the  General  Conferenoe.  considering  the  advantages  of  a  single, 
practical,  worldwide  system  for  international  relations,  for  teaching  and  for  scientific 
work,  decided  to  base  the  International  system  on  a  choice  of  seven  well-defined  units 
which  by  convention  are  regarded  as  dimensionally  independent) the  metre,  the  kilogram, 
the  seoond,  the  ampere,  the  kelvin,  the  mole,  and  the  candela.  These  81  units  are 
called  base  units. 

The  second  class  of  SI  unite  contains  derived  units,  i.e.,  units  that  can  be  formed 
by  combining  base  units  according  to  the  algebraic  relations  linking  the  corresponding 
quantities.  Several  of  these  algebraic  expressions  in  terms  of  basn  units  oan  be  replaaed 
oy  special  names  and  symbols  whiuh  oan  themselves  be  used  to  form  othir  derived  units. 

Although  it  might  be  thought  that  SI  units  oan  only  be  base  units  or  derived  units, 
the  General  Conference  admitted  a  third  class  of  SI  units,  oalled  supplementary  units, 
for  which  it  dealined  to  state  whether  they  were  base  units  or  derived  units. 

The  SI  units  of  these  three  classes  form  a  coherent  sat  in  the  sense  normally 
attributed  to  the  expression  "coherent  system  of  units". 

The  decimal  multiples  snd  sub-multiples  of  SI  units  formed  by  means  of  SI  prefixes 
must  be  given  their  full  name  multiples  and  sub-multiples  of  SI  unite  when  it  is  desired 
to  make  a  distinction  betweon  them  and  the  ooherent  set  of  SI  units. 

SYMBOLS 

The  baoe  units  of  the  International  System  are  aolleoted  in  table  1  with  their  names 
and  their  symbols. 


TABLE 

1 

SI  taw  unto 

Quantity 

Name 

Symbol 

length . 

metre 

m 

mtu . 

kilogram 

kg 

tlmo . 

•eoond 

• 

eleotrio  ourrent . 

ampere 

A 

thermodynamic)  tempera¬ 
ture* . 

kelvin 

K 

amount  of  aubatanoe . 

mole 

mol 

luminout  Intensity . 

candela 

cd 

*  Calilui  temperaturt  li  In  oaneral  txpmttd  In  dagroac  Ctlilut 
(jymbol  °C| 


DERIVED  UNITS 

Expressions.  Derived  unitB  are  expressed  algebraically  in  terms  o-  base  units  by 
means  of  the  mathematical  symbols  of  multiplication  and  division.  Several  derived  units 
have  been  given  special  names  and  symbols  which  may  themselves  be  used  to  express  other 
derived  units  in  a  simpler  way  than,  in  terms  of  the  base  units. 

Derived  units  may  therefore  be  classified  under  three  headings.  Some  of  them  are 
given  in  tables  2,  3,  and  4. 


* 

Adapted  from  the  International  System  of  Units  (SI),NBS  Special  Publication  330,  1972 
Edition 


TABLE  2 


of  SI  dtrtvtd  watt* 
tmpruttd  to  t*rmt  of  bat*  mitt 


SI  unit 

Quantity 

Name 

Symbol 

am 

aquara  metre 

m* 

voluma 

cubic  metre 

m1 

apeed,  valoolty 

metre  per  eeoond 

m/e 

aocelerctlon 

metre  per  eeoond  aquared 

m/e' 

wava  number 

t  par  metre 

m-‘ 

denaity,  man  d entity 
concentration 

kilogram  par  oubto  metre 

kg/m' 

(of  amount  of 
lubntanco) 

mola  per  oubio  metre 

mol/m' 

activity  (radioactive) 

1  per  aecond 

e-' 

apeoiflo  voluma 

cubic  metre  per  kilogram 

m'/kg 

luminauoe 

candela  per  equate  metre 

od/m' 

TABLE  3 


SI  dtrivtd  unit*  vitK  tpteial  namtt 


Quantity 

BI  unit 

Name 

8£T 

Espretelon 
In  terms 
ot  other 
unite 

Expression 

In  terms 
or  81  bees 
unite 

frequency 

herts 

Ha 

a-1 

foice 

newton 

N 

rnkg-s"' 

pressure 

pascal 

Pa 

N/m* 

m•,•kg'S“, 

energy,  work,  quantity 

of  heat 

joule 

J 

N.m 

m'-kg'S"' 

power,  radiant  flux 

wutt 

W 

J/s 

m'kgs-* 

quantity  of  electricity, 
electno  charge 

coulomb 

C 

As 

••A 

eleotrio  potential, 

potential  difference, 

electromotive  force 

volt 

V 

W/A 

m'kg.s-'A-' 

capacitance 

farad 

P 

C  /V 

m-'.feg-'-s'-A' 

eleotrio  resistance 

ohm 

0 

V/A 

m'kg.s-'.A-' 

conductance 

siemens 

s 

A/V 

m-•■kg-|.8*'A, 

magnetic  flux 

weber 

Wb 

V'B 

m,kgs~,A-1 

magnetic  flux  denaity 

tesla 

T 

Wb/m' 

kg‘S"'A-1 

inductance 

henry 

H 

Wb/A 

m*.kgs-».A-» 

luminous  flux 

lumen 

lm 

cd'Sr  (*) 

Illuminance 

lux 

lx 

m_,'Cd-sr  (*) 

(•)  In  this  expression  the  rtsredlen  (ir)  ii  treated  m  i  beee  unit. 
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TABLE  4 


EmmpUt  of  SI  dtrivod  unit* 
twproiHd  by  moant  of  tptolal  name* 


Quantity 

SI  unit 

Name 

Symbol 

Expression 
in  terms  of 

SI  base  units 

dynamic 

viscosity 

pascal  aeoond 

Pa*. 

m'**kg*a'' 

moment  of 

force 

metre  newton 

N*m 

m’*kg*s-' 

surface  tension 

newton  per 

metre 

N/m 

kg*s-* 

heat  flux  density, 

watt  per  square 

irradiance 

metre 

W/m* 

kg*r* 

heat  capacity, 

entropy 

joule  per  kelvin 

J/K 

m**kg*r'*K-‘ 

specific  heat 

oapacity, 

joule  per 

specific 

kilogram 

entropy 

kelvin 

J/(kg*K) 

m**r**K-» 

specific  energy 

joule  per 

kilogram 

J/kg 

m'*r* 

thermal 

watt  per  metre 

conductivity 

kelvin 

W/(m*K) 

m*kg*8-'*K"' 

energy  density 

joule  per  oubio 

metre 

J/m* 

m-‘*kg*r* 

electric  field 

strength 

volt  per  metre 

V/m 

m,kg*r**A'1 

electric  charge 

coulomb  per 

density 

oubio  metre 

C/m* 

m'**s*A 

electric  flux 

coulomb  per 

density 

square  metre 

C/m* 

m-**s*A 

permittivity 

farad  per  metre 

F/m 

m-'.kg-'.g'.A* 

current  density 

ampere  per 

square  metre 

A/m* 

magnetic  field 

ampere  per 

strength 

metre 

A/m 

permeability 

henry  per  metre 

H/m 

irnkg^s-^A-* 

molar  energy 

joule  per  mole 

J/mol 

m'*kg«g-,*mol-‘ 

molar  entropy, 

joule  per  mole 

molar  heat 

kelvin 

capacity 

J/(mol*K 

1  m,*kgt8-,,K-’*mol-' 

SUPPLEMENTARY  UNITS 

The  General  Conference  has  not  yet  classified  certain  units  of  the  International 
System  under  either  base  units  or  derived  units.  These  SI  units  are  assigned  to  the 
third  class  called  "supplementary  units",  and  may  be  regarded  either  as  base  units  or  as 
derived  units. 

For  the  time  being  this  class  contains  only  two,  purely  geometrical  units:  the  SI 
unit  of  plane  angle,  the  radian,  and  the  SI  unit  of  solid  angle,  the  steradian. 


TABLE  5 

SI  tuppUmontory  unit * 


SI  unit 

Quantity 

Name 

Symbol 

plane  angle 

radian 

rad 

solid  angle 

steradian 

sr 

The  radian  is  the  plane  angle  between  two  radii  of  a  circle  which  cut  off  on  the 
circumference  an  arc  equal  in  length  to  the  radius. 

The  steradian  is  the  solid  angle  which,  having  its  vertex  in  the  center  of  a  sphere, 
cuts  off  an  area  of  the  surface  of  the  sphere  equal  to  that  of  a  square  with  sides  of 
length  equal  to  the  radius  of  the  sphere. 

Supplementary  units  may  be  used  to  form  derived  units, 
table  6. 


Examples  are  given  in 
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TABLE  6 


Examples  of  SI  derived  units  formed  by  using  supplementary  units 


Quantity 

SI  unit 

Name 

Symbol 

angular  velocity 

radian  per  second 

rad/s 

angular  acceleration 

radian  per  second 

squared 

rad/s* 

radiant  inteneity 

watt  per  steradian 

W/sr 

radiance 

watt  per  square  metre 

steradian 

Wm-^sr* 

A 


SUBJECT  INDEX 
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Acoustic  emission  as  a  nondestructive  inspection  method,  425 
Acoustic  emission  as  a  precursor  of  fracture,  453 
Acoustic  emission  bursts,  420 

Acoustic  emission  during  and  immediately  after  welding,  442 
Acoustic  emission  from  welded  aluminum,  451 
Acoustic  emission  system,  436 

Acoustic  emission  with  size  of  crack  and  crack  growth  rate,  465 
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B 

Basic  fracture  toughness  data,  125 

Bend  specimen,  372 

Blue  brittleness,  333 
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British  Standards  Institution,  580 
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C 

Cadmium  plating,  338 

Center  cracked  and  double  or  single  edge  cracked  plate,  377 

Center  cracked  plate,  378 

Centrally  cracked  configuration,  217 

Characteristics  of  selected  K-c  materials,  511 
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